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FOLDED CAVITY SURFACE-EMITTING
LASER

CROSS-REFERENCE TO RELATED
APPLICATTIONS

This application 1s a continuation under 35 U.S.C. §120 of
U.S. patent application Ser. No. 09/621,888, filed Jul. 22,
2000, now U.S. Pat. No. 6,704,336, 1ssued Mar. 9, 2004
(“the *336 patent™). The *336 patent is entitled to the benefit
of Provisional Patent Application, Ser. No. 60/208,988, filed
Jun. 1, 2000.

Embodiments of the invention described herein use, as the
preferred embodiment of the polyhedral prism waveguide,
the corner-cube prism mirror of nonprovisional patent appli-
cation Ser. No. 09/357,685, filed Jul. 20,1999, now U.S. Pat.
No. 6,625,195, and of provisional patent application Ser. No.
60/176,685, filed Jan. 19, 2000.

BACKGROUND OF THE INVENTION

Semiconductor laser diodes, specifically semiconductor
laser diodes having a multilayered vertical cavity structure
(i.c., vertical orientation that is perpendicular to the substrate
of the semiconductor diode) have become widely known as
(VCSELs) “Vertical Cavity Surface-emitting Lasers”.
However, while the present invention uses a vertically
oritented LED structure to produce fundamental photonic
radiation (i.e., spontaneous stimulation) and to provide gain,
its feedback providing optical cavity and the physics that
occur therein, are quit different from that of VCSEL laser
diodes. Theretfore, the present invention should be catego-
rized as a new kind of semiconductor laser diode.

For example, the present mvention, by using only one
mirror 1n place of two mirrors to provide feedback, the
present mvention has redefined vertically orientated cavity
design. Inspired by the present invention’s unique optical
physics and design, I have named this new semiconductor

laser diode, for future identification, the (FCSEL) “Folded
Cavity Surface-emitting Laser”.

However, at this point I would like to digress by first
describing some current trends 1n vertically oriented laser
diode design of which, the most known and widely used 1s
the VCSEL laser diode design. These light sources have
been adopted for several applications, such as gigabit-
Ethernet 1n a remarkably short amount of time. Due to their
reduced threshold current, circular output beam,
inexpensive, and high-volume manufacture, VCSELs are

particularly suitable for multimode optical-fiber local-area
networks (i.e., LANSs).

Moreover, selectively oxidized VCSELSs contain an oxide
aperture within 1ts vertical cavity that produces strong
electrical and optical confinement, enabling high electrical-
to-optical conversion efficiency and minimal modal dis-
crimination; allowing emission 1nto multiple transverse
optical-modes. Such multi-mode VCSEL lasers make 1deal
local area network laser light sources. VCSELSs that emit
into a single optical transverse mode are ever increasingly
being sought-out for emerging applications including data
communication using single-mode optical fiber, barcode
scanning, laser printing, optical read/write data-heads, and
modulation spectroscopy. Consequently, achieving single-
mode operation 1n selectively oxidized VCSELSs 1s a chal-
lenging task, because the inherent index confinement within
these high-performance laser diodes 1s very large. VCSELSs
have optical-cavity lengths approximately one-wavelength
and therefore, operate within a single longitudinal optical-
mode. However, because of their relatively large cavity
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2

diameters (i.e., roughly 5.0 to 20.0 micrometers), these laser
diodes usually operate 1n multiple transverse optical-modes,
where cach transverse optical-mode possesses a unique
wavelength and what 1s called a transverse spatial intensity
profile (i.e., intensity pattern).

Moreover, for applications requiring small spot size or
high spectral purity, lasing 1n a single transverse optical-
mode, usually the lowest-order fundamental mode (i.e.,
TEM-00) is desired. In general, pure fundamental mode

emission within a selectively oxidized VCSEL can be
attained by 1ncreasing optical loss to higher-order transverse
optical-modes relative to that of the previously mentioned
fundamental mode. By selectively creating optical loss for
any particular mode, we increase modal discrimination,
which consequently leads to a VCSELSs operation 1n a single
transverse optical-mode. Strategies for producing VCSELSs
that operate 1n single transverse optical-mode have recently
been developed.

Furthermore, these strategies are based either on intro-
ducing loss that 1s relatively greater for higher-order optical-
modes and thereby, relatively increasing gain for the fun-
damental transverse optical-mode, or as an alternative,
creating greater gain for the fundamental transverse optical-
mode. Increased modal loss for higher-order optical-modes
has been successfully demonstrated using three different
techniques. The first approach to modal discrimination uses
an etched-surface relief located on the periphery of the top
facet that selectively reduces the reflectivity of the top
mirror for higher-order transverse optical-modes. The
advantage of this technique 1s that the ring located around
the edge of the cavity, etched 1n the top quarterwave mirror
stack assembly can be produced during the VCSEL’s 1nitial
fabrication by conventional dry-etching, or 1t can be post
processed on a completed VCSEL die using focused 1on-
beam etching. A disadvantage, however, of etched-surface
relief 1s that 1t requires careful alignment to the oxide
aperture and can increase the optical scattering loss of the
fundamental transverse optical-mode, as manifested by the
relatively low (i.e., less than 2 mW) single-mode output
powers that have been reported. Therefore, 1t would be more
desirable to introduce mode-selective loss 1nto the VCSEL’s
structure during its epitaxial deposition to avoid extra fab-
rication steps and to provide self-alignment problems.

Moreover, two such techniques are the use of tapered
oxide apertures and extended optical cavities within the
VCSEL laser diode. The first approach, which was pursued
extensively at Sandia National Laboratories (i.e.,
Albuquerque, N.M.), is predicated on designing the profile
of the oxide aperture tip 1n order to preferentially increase
loss for higher-order transverse optical-modes. The
aperture-tip profile 1s produced by tailoring the composition
of the (AlGaAs) “Aluminum-Gallium-Arsenide” layers,

which are oxidized during fabrication to create an aperture
located within the before mentioned VCSEL. A VCSEL
containing a tapered oxide whose tip 1s vertically positioned
at a null 1n the longitudinal optical standing wave can
produce greater than 3-mW of single-mode output, and
orcater than 30-dB of side-mode suppression. Creating this
structure, however, requires a detailed understanding of the
oxidation process, and produces additional loss for the
fundamental transverse optical-mode, as well.

In addition, a second way to increase modal discrimina-
fion 1s to extend the optical cavity length of VCSEL 1tself
and thus, increase the diffraction loss for the higher-order
transverse optical-modes. Researchers at the University of
Ulm (i.e., Ulm, Germany) have reported single-mode opera-
tion up to 5-mW, using a VCSEL constructed with a
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4-micrometer thick cavity spacer inserted within the optical-
cavity. The problem, however, 1s that by using even-longer
cavity spacers can also introduce multiple longitudinal
optical-modes (i.e., what is sometimes called spatial hole
burning), but single-transverse-optical-mode operation up to
nearly 7-mW has been demonstrated. It 1s interesting to note
that VCSELSs containing multiple wavelength cavities do not
appear to suffer any electrical penalty, although careful
design 1s required to balance the trade-offs between the
modal selectivity of the transverse and the longitudinal
optical-modes.

Finally, manipulating the modal gain rather than loss can
also produce single-mode VCSELSs. A technique, designed
to spatially aperture laser gain independently of the oxide
aperture has been developed at Sandia National Laborato-
ries. The essential aspect of these VCSELSs 1s the lithographi-
cally defined gain region, which 1s produced by an inter-
mixing of quantum-well active regions at the lateral
periphery of the VCSEL’s laser cavity. Typically, fabrication
processes for a typical VCSEL laser diode begins with an
epitaxial growth of the VCSEL’s bottom (DBR) “Distrib-
uted Bragg Reflector” based quarterwave mirror-stack
assembly onto an optical or semiconductor substrate. After
which, the VCSEL’s active-region (i.€., a multiple quantum
well containing double-heterostructure) is epitaxially grown
onto the top outermost surface of the bottom DBR. Finally,
the VCSEL’s top DBR quarterwave mirror-stack assembly
1s epitaxially grown onto the top outermost surface of the
active-region.

In addition, a VCSEL’s quantum wells are homogenized
by 1on-implantation around the masked regions that were
used to create the cavity forming second DBR quarterwave
mirror-stack assembly, during epitaxial material deposition.
The resultant VCSEL has a central quantum-well active-
region that preferentially provides gain for the fundamental
mode. Consequently, for this approach only a single-mode
output of more than 2-mW with a side-mode-suppression
ratio greater than 40-dB 1s obtained. This approach also
requires greater fabrication complexity, however, 1t 1s antici-
pated that higher performance can be reached with further
refinement of process parameters. Because of the new and
oreater demands of VCSEL applications, new types of
single-mode VCSELs are currently under development at
numerous laboratories around the world. The techniques
demonstrated to date mtroduce modal discrimination by
increasing optical loss for the higher-order modes, or as an
alternative, by increasing the relative gain of the fundamen-
tal optical-mode.

In addition, to better understand the structural differences
between the present FCSEL mvention and prior art VCSEL
technology, a typical VCSEL design 1s presented as an
example of prior art. As 1illustrated in FIGS. 1, 2, and 3, a
typical VCSEL uses a process of recombining radiation (i.e.,
sometimes called “radiative recombination™) to produce
fundamental 1ntra-cavity light, which, during multiple oscil-
lations through a VCSEL’s cavity containing active-region,
1s ultimately amplified into coherent laser emission. Prior
art, as illustrated 1n FIGS. 1, 2, and 3 1s an example of a
high-frequency VCSEL laser diode design that uses a metal-
lic supporting substrate 22 (FIG. 1) as both a base-reflecting
mirror structure 22 (FIG. 2) and a substrate used for the
subsequent epitaxial growth of multilayered structures. The
substrate material 1s where a VCSEL typically begins its
multi-layered construction, using epitaxial growth
processes, such as molecular beam epitaxy (MBE) or
metallic-organic chemical vapor deposition (MOCVD) to
expedite deposition of optical and semiconductor construc-
tion material.
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Furthermore, a VCSEL’s metallic supporting substrate 22
(FIG. 3), when conductive, as an alternative embodiment,
would serve as the VCSEL(s) electrically negative elec-
trode. The metallic supporting substrate 22 that comprises a
(Ni—Al) “Nickel-Aluminum” alloy-mixture which has
between an “8.0” to a “12.0” percent material lattice-
mismatch, or more speciiically a “10.0” percent material
lattice-mismatch to the binary (GaN) “Gallium-Nitride”
semiconductor material deposited later. Nevertheless,
despite (Ni—Al) “Nickel-Aluminum” lattice-mismatch it is
still the preferred metallic alloy-mixture for this kind of
clectron conducting metallic supporting substrate 22. In
addition, the (Ni—Al) “Nickel-Aluminum” metallic sup-
porting substrate 22 (FIG. 3), if used as an alternative
embodiment, would also need to exhibit a highly reflective
property as well and, therefore should have a surface rough-
ness of less than “15” atoms thick.

Furthermore, as illustrated in FIGS. 1, 2, and 3, prior art
shows that several layers of (AIN) “Aluminum-Nitride” can
be epitaxially grown, using MBE or MOCVD to create a
single buffer-layer 23 (FIG. 3) with a thickness of only a few
atoms. The AIN buflfer-layer 1s used next for facilitating the
MBE or MOCVD epitaxial growth of the many subsequent
layers that will comprise a single VCSEL device. As 1llus-
trated 1n FIGS. 1, 2, and 3 prior art also shows that a VCSEL
has its first DBR quarterwave mirror-stack assembly 24
epitaxially deposited onto the top outermost surface of the
previously deposited buffer-layer 23 A, 23B, 23C, 23D (FIG.
3) of (AIN) “Aluminum-Nitride” material, using any suit-
able epitaxial crystal growing method, such as MBE or
MOCVD.

In addition, as illustrated 1n FIGS. 1, 2, and 3 prior art also
shows that a VCSEL’s first DBR quarterwave mirror-stack
assembly 24 1s made from a plurality of alternating layers
comprised as mirror-pairs; or more precisely 1s made from
a multitude of single pairs of alternating layers 24A, 24B
(FIG. 3) that are constructed from (GaN/AlGaN) semicon-
ductor materials, and used to complete a single mirror-patr.
The plurality of alternating layers used to comprise the
multitude of mirror-pairs, will include one or more layers of
N-doped (GaN) “Gallium-Nitride” 24A, 24C, 24E, 24G, 241
(FIG. 3) a high-refractive semiconductor material, and
N-doped (AlGaN) “Aluminum Gallium Nitride” 24B, 24D,
24F, 24H, 24) (FIG. 3) a low-refractive semiconductor

material.

For example, as 1llustrated in FIGS. 1, 2, and 3 prior art
shows that a layer 24A of N-doped (GaN) “Gallium-Nitride
1s epitaxially deposited onto the top and outermost surface of
a VCSEL’s buffer-layer 23 (FIG. 3), while a layer 24B (FIG.
3) of N-doped (AlGaN) “Aluminum Gallium Nitride” 1s
subsequently and epitaxially deposited onto the top and
outermost surface of the VCSEL’s first N-doped (GaN)
“Gallium-Nitride layer 24A (FIG. 3). If additional mirror-
pairs are required, several more layers that make-up addi-

tional mirror-pairs can be deposited onto existing layers of
(GaN) “Gallium-Nitride and (AlGaN) “Aluminum Gallium

Nitride” materials 24A, 24B, 24C, 24D, 24E, 24F, 24H, 241
(FIG. 3).

Moreover, to increase the reflectivity of a VCSEL’s first
DBR quarterwave mirror-stack assembly 24 (FIG. 3) to the
required amount of reflectance, many additional mirror-pairs
will be required, and depending upon the wavelength of light
being reflected, as many as several hundred mirror-pairs
might be needed and used within a single VCSEL laser
diode. It should be understood that the thickness and doping
levels of each deposited layer used to construct a VCSEL
laser diode 1s precisely controlled. Any deviation from
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designed parameters, no matter how slight, would affect the
performance of the VCSEL in question (e.g., frequency
range, flux intensity).

For example, as illustrated in FIGS. 1, 2, and 3, prior art
shows that the VCSEL’s emitter-layer 33, which 1s designed
to emit laser-light having a wavelength of “200”
nanometers, should have a material thickness that 1S one
quarter of one wavelength of the VCSEL’s laser emission.
Which 1s altogether true for each of the other alternating

layers that comprise both of the VCSEL’s DBR quarterwave
mirror-stack assemblies 24, 32 (FIG. 3). As illustrated in
FIGS. 1, 2, and 3, prior art shows that all of the alternating
layers used to comprise a VCSEL’s first and second DBR
quarterwave mirror-stack assemblies 24, 32 (FIG. 3) should
have a material thickness of “50” nanometers.

Furthermore, the doping of a VCSEL device 1s typically
accomplished during epitaxial deposition by the addition of
various dopant materials (e.g., n-type electron donating
dopants like Phosphorus and p-type electron accepting
dopants like Boron) to the construction material used in the
MBE or MOCVD epitaxial deposition process. Typically, a
VCSEL device will use many different dopant concentra-
tions of specific dopant materials within several different
extrinsic semiconductor layers; planar shaped layers that
ultimately make-up a VCSEL’s various structures. For
example, the alternating layers of (GaN) “Gallium-Nitride”
23A (FIG. 3) and N-doped (AlGaN) “Aluminum Gallium
Nitride” 23B (FIG. 3), which are used to facilitate construc-
fion of a VCSEL’s first DBR quarterwave mirror-stack
assembly 24 (FIG. 3), can be made n-type and therefore,
conductive, when doped with either “Selenium” or
“Silicon”, using a dopant concentration ranging from
“1E15” to “1E20” cubic-centimeters with a preferred range
from “1E17” to “1E19” cubic centimeters, while a nominal
concentration range of doping would be from “5E17” to
“5E18” cubic centimeters. The percentage of dopant com-
position 1n a VCSEL’s first DBR quarterwave mirror-stack
assembly 24 (FIG. 3), could be stated as (Al x Ga x N/GaN),
where X represents a variable of “0.05” to “0.96”, while 1n

a preferred embodiment X represents an amount greater than
HO‘SFE‘

Therefore, as illustrated in FIGS. 1, 2, and 3 prior art
shows that after the plurality of alternating layers used 1n a
VCSEL’s first DBR quarterwave mirror-stack assembly 24
have been deposited onto the top and outermost surface of
the VCSEL’s buffer-layer of (AIN) “Aluminum-Nitride” 23,
then the VCSEL’s first contact-layer 25 (FIG. 3) comprising
a highly +n-doped (GaN) “Gallium-Nitride” binary semi-
conductor material can be epitaxially grown onto the top and
outermost surface of the last alternated layer of the VCSEL’s
first DBR quarterwave mirror-stack assembly 24 (FIG. 3). A
VCSEL’s first contact-layer 25, while providing connectiv-
ity to the VCSEL’s n-metal contact 27 (FIG. 3) and to the
VCSEL’s n-metal contact-ring 26 (FIG. 1), will also
enhance the reliability of the VCSEL’s design by preventing
the migration of carrier-dislocations, and the like to the

VCSEL’s active-region 28 (FIG. 3).

Furthermore, as illustrated in FIGS. 1, 2, and 3 prior art
shows that to prevent the overcrowding of the cladding-
layers located within a VCSEL’s active-region 28 (FIG. 3),
cach of two cladding-layers 28A, 28C (FIG. 3) are shown
here as being contra-located onto opposite sides of a single
active-arca 27B. Each 1llustrated cladding-layer 28A, 28C
(FIG. 3) is epitaxially deposited onto a previously deposited
layer, the last layer used in constructing the first DBR and
the last layer used in constructing the active-area, respect-
fully. Each cladding-layer 28A, 28C 1s comprised from
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N-doped or P-doped (AlGaN) “Aluminum-Gallium-
Nitride” ternary semiconductor material, respectiully.

Furthermore, as illustrated in FIGS. 1, 2, and 3 prior art
also shows that a VCSEL’s active-region 28 (FIG. 3), which

is shown here as being represented by a single (SQW)
“Single Quantum Well” layer that 1s epitaxially deposited

onto the top and outermost surface of the VCSEL’s first
cladding-layer 28A (FIG. 3) (i.e., sometimes called a
cladding-barrier). It should be understood, however, that a

VCSEL’s active-area 28 (FIG. 3) could also include one or
more quantum-well cladding-layers and quantum-well
layers, as 1s typical of MQW structure; particularly, a first
quantum-well cladding-layer and a second quantum-well
cladding-layer, with a quantum-well layer positioned
between the first quantum-well cladding-layer and a second
quantum-well cladding-layer. As 1llustrated in FIGS. 1, 2,
and 3 prior art shows that a VCSEL’s active-area 28B (FIG.
3) comprises as a SQW, which is constructed from a p-doped
(InGaN) “Indium-Gallium-Nitride” extrinsic ternary semi-
conductor material, while using MBE or MOCVD to epi-
taxially deposit the material.

In addition, as 1llustrated 1n FIGS. 1, 2, and 3 prior art also
shows that a VCSEL’s second contact-layer 29 (FIG. 3) is
comprised from a highly +p-doped (GaN) “Gallium-
Nitride” extrinsic binary material that 1s epitaxially grown
onto the top and outermost surface of the VCSEL’s second
cladding-layer 28C (FIG. 3). A VCSEL’s second contact-
layer 29, while providing connectivity to the VCSEL’s
p-metal contact 31 (FIG. 3) and to the VCSEL’s p-metal
contact-ring 30 (FIG. 1), will also enhance the reliability of
the VCSEL’s design by preventing the migration of carrier-
dislocations, and the like to the VCSEL’s active-region 28
(FIG. 3).

Furthermore, as illustrated in FIGS. 1, 2, and 3 prior art
shows that a VCSEL’s second DBR quarterwave mirror-
stack assembly 32 1s also made from a plurality of alternat-
ing layers, comprised as mirror pairs; or more precisely, a
multitude of single pairs of alternating layers 32A, 32B
(FIG. 3), which are constructed from (Al203/Zn0) optical
dielectric materials, complete a single mirror-pair. The plu-
rality of alternating layers, which includes one or more
layers of undoped (AI203) “Aluminum-Oxide” high-
refractive dielectric material (1.e., sometimes called Corun-
dum or manufactured Sapphire) 32A, 32C, 32E, 32G, 321
(FIG. 3), and one or more layers of undoped (ZnO) “Zinc-
Oxide” low-refractive dielectric material 32B, 32D, 32F,
32H (FIG. 3). For example, as illustrated in FIG. 1, FIG. 2,
and FIG. 3 prior art shows that a layer 32A of (Al1203)
“Aluminum-Oxide” 1s epitaxially deposited onto a
VCSEL’s second contact-layer 29 (FIG. 3), while a layer
32B (FIG. 3) of (ZnO) “Zinc-Oxide” 1s subsequently and
epitaxially deposited onto the VCSEL’s first (Al203)
“Aluminum-Oxide” layer 32A (FIG. 3).

Moreover, 1if additional mirror-pairs are required, several
more layers that make-up additional mirror-pairs could be
deposited onto the existing layers of (Al203) “Aluminum
Oxide” and (ZnO) “Zinc Oxide” materials 32A, 32B, 32C,
32D, 32E, 32F, 32G, 32H, 321 (FIG. 3). To increase the
reflectivity of a VCSEL’s second DBR quarterwave mirror-
stack assembly 32 (FIG. 3) to the required amount of
partial-reflectance, many additional mirror-pairs will be
required, and depending upon the wavelength of light being
reflected, as many as several hundred mirror-pairs might be
required and used to create a single mirror-stack assembly.
Additionally, as illustrated in FIGS. 1, 2, and 3 prior art also
shows that a VCSEL’s emutter layer 33, which 1s constructed
from undoped (ZnO) “Zinc-Oxide” high-refractive dielec-
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tric material 1s the last layer to be epitaxially deposited 1n the
example VCSEL device.

In addition, as illustrated 1in FIGS. 1, 2, and 3 prior art
shows that a VCSEL’s p-metal contact 31 (FIG. 3), and the
VCSEL’s p-metal contact-ring 30 (FIG. 3) are typically
formed onto the top and outermost surface of the VCSEL’s
second contact-layer 29 (FIG. 3), by disposing any suitable
conductive material, such as Indium-Tin-Oxide, Gold, Zinc,
Platinum, Tungsten, or Germanium metallic alloys. As 1llus-
trated 1n FIGS. 1, 2, and 3 prior art also shows that a
VCSEL’s n-metal contact 27 (FIG. 1) and the VCSEL’s
n-metal contact-ring 26 (FIG. 2) are typically formed onto
the top and outermost surface of the VCSEL’s first contact-
layer 25 (FIG. 3), by disposing any suitable conductive
material, such as Indium-Tin-Oxide, Gold, Zinc, Platinum,
Tungsten, or Germanium metallic alloys.

Furthermore, when constructing a VCSEL’s electrical
contacts, 1t should be understood that the choice of one
method of material deposition over another depends solely
upon which construction material 1s selected. Therefore,
specific methods of disposition, disposing, and patterning
onto the VCSEL’s first and second contact-layers 25, 29
(FIG. 3), for any specified material, must be considered in
the construction of the VCSEL’s electrical contacts. As
illustrated 1n FIGS. 1, 2, and 3 prior art also shows that a
VCSEL’s second contact-layer 29 (FIG. 3), the VCSEL’s
second cladding-region 28C, the VCSEL’s active-arca 28B,
and the VCSEL’s first cladding-layer 28A (FIG. 3) are all
mesa-etched. The process of mesa-ctching, which ultimately
defines the shape and structure of a VCSEL’s lower layers,
by causing diameter dimensions to remain substantially
larger than the VCSEL’s second DBR quarterwave mirror-
stack assembly 32 (FIG. 2) and topmost emitter-layer 33
(FIG. 1) the second DBR supports. When mesa-etching and
ion 1mplantation steps are completed, a VCSEL’s p-metal
contact 31 (FIG. 3), and the VCSEL’s p-metal contact-ring
30 are deposited onto the top and outermost surface of the

V(CSEL’s second contact-layer 29, leaving the emitter-layer
open 33 (FIG. 3).

In addition, the deposition of a VCSEL’s n-metal contact
27, as an alternative embodiment, can be deposited onto the
top and outermost surface of a VCSEL’s metallic substrate
22 (FIG. 3) of (N1Al) “Nickel-Aluminum” alloy. Allowing,
the total metallic substrate 22 to function as an electrically
negative contact-layer. As illustrated in FIGS. 1, 2, and 3
prior art also shows that a VCSEL’s metallic substrate 22
(FIG. 3), when it is used in conjunction with the VCSEL’s
first DBR quarterwave mirror-stack assembly 24, and
because the VCSEL’s first DBR quarterwave mirror-stack

assembly 24 (FIG. 3) is constructed from highly-reflective
(AlGaN/GaN) “Aluminum-Gallium-Nitride/Gallium-

Nitride”, both 1t and the VCSEL’s metallic substrate 22
(FIG. 3) will provide approximately “99.99” percent of the
VCSEL’s total reflectivity. Additionally, 1llustrated in FIGS.

4,5, and 6 1s an example of how typical VCSEL laser diodes
can be grouped together and configured into a linear array of
laser diodes.

SUMMARY

In accordance with various embodiments of the present
invention, a folded cavity surface-emitting laser comprises a
cavity folding waveguide structure having at least one total
internally retflecting prism providing for the redirection of
intra-cavity produced fundamental photonic radiation into
and out of transverse propagation within a single lengthened
optical cavity, a double-heterojunction semiconductor diode
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active-region having an active-area providing for both the
production and amplification of fundamental photonic
radiation, a partial photon reflecting structure capable of
reflecting sufficient undiffused optical radiation, providing
mput for the semi-reflected feedback and partial-reflected

output of 1ntra-cavity produced amplified photonic radiation.
Objects and advantages of the present invention include:

To provide a surface-emitting semiconductor laser diode
that creates light amplifying feedback with only one quar-
terwave mirror-stack assembly, and a cavity folding internal
reflecting polyhedral prism waveguide that comprises a
single layer of dielectric material;

To provide a surface-emitting semiconductor laser diode
that 1s mnexpensive to manufacture, which 1s accomplished
by eliminating the expensive epitaxial deposition of a bot-
fom quarterwave mirror-stack assembly comprising a mul-
titude of layered dielectric or semiconductor materials, and
replacing 1t with a dielectric polyhedral prism waveguide
inexpensively constructed using a single sputtered or epi-
taxially deposited layer;

To provide a surface-emitting semiconductor laser diode
that uses two graded confinement cladding-layers to opti-
cally confine its active-area, increasing emission output
exhibiting a narrower linewidth;

To provide a surface-emitting semiconductor laser diode
that produces more effective output gain by using two
oraded confinement cladding-layers to lower the heat pro-
ducing electrical resistance that normally occurs between
contact-layers and cladding-layers;

To provide a surface-emitting semiconductor laser diode
that increases optical confinement of 1ts cavity with the
addition of total internal-reflecting cladding material to the
outermost wall surfaces of the laser diode’s mesa-etched
folded vertical cavity(s);

To provide a surface-emitting semiconductor laser diode
that can be configured and utilized as a single laser device;

To provide a surface-emitting semiconductor laser diode
that can be configured and utilized 1n a single laser-array
comprising a multitude of individual laser diodes, which are
individually addressable or together, addressable as a single
group,

To provide a surface-emitting semiconductor laser diode
or a surface-emitting semiconductor laser diode-array that
can be manufactured at the same time and from the same
semiconductor substrate material used to construct a laser-

array’s control-circuitry, all of which would be contained
within a single semiconductor device;

To provide a surface-emitting semiconductor laser diode
that replaces a bottom quarterwave mirror-stack assembly
with a polyhedral prism waveguide which, if comprised of
quartz or fused silica can reflect “100” percent, using a
process of total internal-reflection, all wavelengths of optical
radiation that enters the polyhedral prism waveguide’s top
front-face flat horizontal-surface;

To provide a surface-emitting semiconductor laser diode
that can 1nexpensively construct i1ts polyhedral prism
waveguide using a well-known 1on-milling process to slice
out prism facet(s) comprising the polyhedral prism
waveguide’s structure;

To provide a surface-emitting semiconductor laser diode
that can deposit a dielectric material, such as fused-silica,
onto any light producing wide-bandgap semiconductor
material, or combination thereof, which could possibly be
used 1n the construction of a single surface-emitting semi-
conductor laser diode or a single surface-emitting semicon-
ductor laser diode array;




US 6,322,992 B2

9

To provide a surface-emitting semiconductor laser diode
that uses an amorphous material, such as “Lithium-
Fluoride” to construct, for mesa-etched vertical cavity(s), an
optical-cladding total imternal-reflecting material, which
would also give added support to the polyhedral prism
waveguide(s);

To provide a surface-emitting semiconductor laser diode
that can increase 1ts modal discrimination by extending its
optical-cavity length, using a polyhedral prism waveguide to
transversely redirect intra-cavity produced light to new areas
of the diode’s gain-region previously un-stimulated;

To provide a surface-emitting semiconductor laser diode
that can 1ncrease its modal discrimination, using a process of
total internal-reflection to redirect intra-cavity produced
light out of 1ts normal longitudinal propagation 1nto a first
fransverse propagation, then next into a second transverse
propagation, then next into a third transverse propagation,
and then finally into a longitudinal, but reversed
propagation, which will effectively increase diffraction loss
for higher-orders of transverse optical-moded light, while
sufficiently increasing gain to the fundamental lower-order
transverse optical-moded light causing 1t to undergo ampli-
fication 1nto laser emission;

To provide a surface-emitting semiconductor laser diode
that has eliminated from its structure lattice-matched crystal
ogrowing bufler-layers, which are normally constructed using
materials such as “Aluminum-Nitride”;

To provide a surface-emitting semiconductor laser diode
that produces at least an increase of nearly 7-mW {for
fundamental lower-order single-transverse optical-moded
light;

Further objects and advantages are to provide a surface-
emitting semiconductor laser diode, where selection of one
semiconductor material over another, or more particularly,
selection of one optical material over another for use 1n the
construction of a FCSEL’s active-region, a FCSEL’s poly-
hedral prism waveguide, and a FCSEL’s multilayered quar-
terwave mirror-stack assembly 1s not determined by a
FCSEL’s geometry or any other structural criteria, but 1is
determined by a particular application’s need for a speciiic
wavelength(s).

Therefore, as presented here within this specification, the
materials chosen for constructing the present FCSEL inven-
tion are presented here as only one example of several
possible wavelength-specific semiconductor materials that
might, or could be used to construct the present invention’s
wavelength transcendent structure. The advantages that are
provided by novel features and un-obvious properties lie
within a FCSEL’s cavity-folding structure, and not within
any particular material regime.

However, because the FCSEL’s novel features and
un-obvious properties can e€xist or occur using any
wavelength-specific semiconductor or optical material
regime, clearly shows that the various structures comprising
the FCSEL laser diode, have both sufficient novelty and a
non-obviousness that 1s independent of any one material
regime that might, or could be used in the construction of a

FCSEL laser diode(s).

Still further objects and advantages will become more
apparent from a consideration of the ensuing description and
drawings.

DRAWING FIGURES

In the drawings, closely related Figures have the same
number but different alphabetic suffixes.
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FIG. 1 shows prior art, 1llustrated as a three-dimensional
1sometric top side-view of a mesa-etched VCSEL compris-
ing one substrate layer, one active-region, and two quarter-
wave mirror-stack assemblies.

FIG. 2 shows prior art, 1llustrated as a three-dimensional
1sometric top side-view of a mesa-etched VCSEL compris-
ing one substrate layer, one active-region, and two quarter-
wave mirror-stack assemblies.

FIG. 3 shows prior art, illustrated as an orthographic
side-view vertical section of a mesa-ctched VCSEL dis-
played as a multilayered structure comprising one substrate
layer, one active-region, and two quarterwave mirror-stack
assemblies.

FIG. 4 shows prior art, illustrated as an orthographic
plan-view of a linear array of four VCSELs comprising
n-metal connector rings, p-metal connector rings, n-metal

connectors, p-metal connectors, emitter-layers, and section
line 3—3.

FIG. § shows prior art, illustrated as a three-dimensional
1sometric top-right side-view of four mesa-etched VCSELSs
shown 1n a linear array configuration.

FIG. 6 shows prior art, illustrated as a three-dimensional
1sometric top-left side-view of four mesa-etched VCSELSs
shown 1n a linear array configuration.

FIG. 7 shows the present invention, illustrated as a
three-dimensional i1sometric top-front view of a FCSEL
comprising a MQW active-region, a quarterwave mirror-
stack assembly, and a cavity folding corner-cube shaped
polyhedral prism waveguide.

FIG. 8 shows the present invention, illustrated as a
three-dimensional i1sometric top-front view of a FCSEL
comprising a MQW active-region, a quarterwave mirror-
stack assembly, and a cavity folding corner-cube shaped
polyhedral prism waveguide.

FIG. 9 shows the present invention, illustrated as an
orthographic front-view vertical section that illustrates the
multilayered structure of a FCSEL comprising a MQW
active-region, a quarterwave mirror-stack assembly, and a
cavity folding corner-cube shaped polyhedral prism
waveguide.

FIG. 10 shows the present mnvention, illustrated as an
orthographic plan-view of a linear array of two FCSELSs and

two FCSEL active-regions that display section lines 9—9,
20—20, and 21—21.

FIG. 11 shows the present invention, illustrated as a
three-dimensional 1sometric top-right view of four FCSELs
shown 1n a linear array configuration.

FIG. 12 shows the present invention, illustrated as a
three-dimensional 1sometric top-left view of four FCSELs
shown 1n a linear array configuration.

FIG. 13 shows an orthographic plan-view of the present
invention’s right-angle shaped polyhedral prism waveguide,
while displaying the raytraced pathway of an internally
reflected light-ray.

FIG. 14 shows a three-dimensional isometric top side-
view of the present invention’s right-angle shaped polyhe-
dral prism waveguide, while displaying the raytraced path of
an 1nternally reflected light-ray.

FIG. 15 shows an orthographic plan-view of the present
invention’s corner-cube shaped polyhedral prism
waveguide, while displaying the raytraced path of an inter-
nally reflected light-ray.

FIG. 16 shows a three-dimensional isometric top side-
view of the present invention’s corner-cube shaped polyhe-
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dral prism waveguide, while displaying the raytraced path of
an 1nternally reflected light-ray.

FIG. 17 shows an orthographic plan-view of the present
invention’s conical shaped polyhedral prism waveguide,
while displaying the raytraced path of an internally reflected
light-ray.

FIG. 18 shows a three-dimensional 1sometric top side-
view of the present imnvention’s conical shaped polyhedral

prism waveguide, while displaying the raytraced path of an
internally reflected light-ray.

FIG. 19 shows a schematic drawing that displays energy

proiiles for the multiple quantum well active-area used by
the FCSEL.

FIG. 20 shows a close-up side-view of a vertical section
of a FCSEL’s active-region displaying the active-region’s
two contact-layers, two cladding-layers, and an active-areca
comprising a multiple quantum-well.

FIG. 20A shows an auxiliary close-up side-view of a
vertical section of the active-region’s active-area displaying,
along an outer edge details of the active-area’s multiple
quantum-well.

FIG. 21 shows a close-up side-view of a vertical section
of a typical double-heterostructure active-region, shown as
additional embodiment displaying two primary un-graded
confinement cladding-layers, the two secondary confine-
ment heterostructure cladding-layers, and the active-arca
comprising a multiple quantum-well of the active-region.

DESCRIPTION OF THE INVENTION

A preferred embodiment of the present invention, as
illustrated in FIGS. 7, 8 (i.e., two three-dimensional
1sometric-views of the FCSEL, displaying numbered semi-
conductor multilayers), and FIG. 9 (i.e., a sectional side
view drawing) shows that the present invention may include
a double-heterostructure light emitting diode design, which
1s configured as the present invention’s active-region 36 and
comprises: a (MQW) “Multiple Quantum Well” active-area
36B (FIG. 9), two contra-positioned graded confinement
cladding-layers 36A, 36C (FIG. 9), a positive contact-layer
37 (FIG. 9), and a negative contact-layer that also plays the
role of the diode’s substrate 35 (FIG. 8). Wherein, this
particular double-heterostructure light emitting diode design
improves the performance of the present FCSEL 1nvention
in several ways:

By replacing conventional non-graded confinement
cladding-layers 28A, 28C (FIG. 3) 52A, 52E (FIG. 21)
which are normally used 1n today’s double-heterostructure
diode designs, with graded confinement cladding-layers
36A, 36C (FIG. 9), we increase the confinement of both
electrons and holes to a FCSEL’s MQW active-areca 36B
(FIG. 9). Because the graded confinement cladding-layers
increase conflnement of both electrons and holes to a
FCSEL’s MQW active-area 36B (FIG. 9) the process of
“population inversion” occurring within the FCSEL’s MQW
active-arca 36B will also increase.

Because the graded confinement cladding-layers 36A,
36C (FIG. 9) are created using a semiconductor material
having a refractive index that gradually and evenly changes,
from high to low, over the graded confinement cladding-
layer’s entire thickness, a high degree of reflectance 1is
maintained, while the light scattering losses normally caused
by internal photonic reflections at the multiple material
boundaries of typical non-graded confinement cladding-
layers 28 A, 28C (FIG. 3) 52A, 52E (FIG. 21) is eliminated
improving therein, the output gain and modal confinement
of a FCSEL’s laser emission output.
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By using graded confinement cladding-layers 36A, 36C
(FIG. 9) with evenly graded distribution of dopant materials,
where the amount of dopant levels are higher at the material
boundaries between contact-layers and cladding-layers, we
have greatly reduce the resistance to electrical current at the
material boundaries between contact and cladding-layers.
By reducing resistance at the material boundaries between
contact-layers and cladding-layers, we have increased cur-
rent confilnement, while reducing internally created heat.

By using two graded confinement cladding-layers 36A,
36C (FIG. 9) in conjunction with a MQW active-area 36 B
(FIG. 9) that are positioned between the FCSEL’s previ-
ously mentioned two contact-layers 35, 37 (FIG. 9), we
create a double-heterostructure semiconductor surface-
emitting laser that will have lower current thresholds, lower
internal heat, higher output gain, and smoother modulations
of 1ts laser emission output.

Moreover, when the present invention uses the double-
heterostructure semiconductor (LED) “Light Emitting
Diode” described 1n the paragraph above as 1ts source of
fundamental optical radiation, we create a surface-emitting
laser diode that 1s capable of generating emission output that
exhibits a narrower linewidth than those produced by current
double-heterostructure semiconductor laser-diode designs.
When the present FCSEL invention uses this particular
double-heterostructure semiconductor (LED) “Light Emit-
ting Diode” design as 1ts source of fundamental optical
radiation, because of the lower electrical resistance exhib-
ited by 1ts two graded confinement cladding-layers 36A,
36C (FIG. 9) the FCSEL’s active-region 36 (FIG. 9) will
produce less heat and therefore, a more effective output-gain
that 1s greater than that currently exhibited by non-gradient
double-heterostructure semiconductor diode designs.

The preferred embodiment of the present FCSEL
invention, as illustrated in FIGS. 7, 8 (i.e., two three-
dimensional 1sometric-views of the FCSEL, displaying
numbered semiconductor multilayers), and FIG. 9 (ie., a
sectional side view drawing) are presented here only as an
example of FCSEL design. FIGS. 7, 8, and 9 show that the
construction of a FCSEL laser diode begins typically with
the creation of a FCSEL’s first “200” nanometers thick
contact-layer 35 (FIG. 9), which is formed using a pre-
manufactured and pre-sliced semiconductor wafer as a sub-
strate. The substrate wafer 1s comprised from a seed-crystal
of highly +n-doped (GaAs) “Gallium-Arsenide” binary
material, having a crystallographic orientation of <100,
<111>, <110>, or <001>, and 1s used as the FCSEL’s
substrate for the subsequent growth of the FCSEL’s remain-
ing crystalline semiconductor layers. Additionally, a
FCSEL’s first contact-layer 35 (FIG. 9), while providing
negative electrical connectivity to the FCSEL’s light emut-
ting active-region 36 (FIG. 9), will also enhance the reli-

ability of the FCSEL’s design, by preventing the migration
of carrier-dislocations, and the like to the FCSEL’s active-

area 36B (FIG. 9).

In addition, and next 1n line for epitaxial deposition is a
FCSEL’s first “300” nanometers thick graded confinement
cladding-layer 36 A (FIG. 9), which is deposited, using MBE
or MOCVD, onto the top and outermost surface of the
FCSEL’s first contact-layer 35 (FIG. 9), giving it a deposited
position that lies between the FCSEL’s first contact-layer 35
(FIG. 9) and the FCSEL’s active-arca 36B (FIG. 9). The
FCSEL’s first graded confinement cladding-layer 36A (FIG.
9) is comprised from a graded N-doped (GaAlAs) “Gallium-
Aluminum-Arsenide” ternary material. Wherein, the ternary
material’s concentration of “Gallium™ gradient will begin to
oradually increase, starting from the first graded confine-
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ment cladding-layer’s bottom-edge 36A (FIG. 9) and gradu-
ally increases upward toward the FCSEL’s active-area 368

(FIG. 9).

For example, the amount of “Gallium” gradient will begin
to 1increase from Ga, < AlAs, to Ga, ,,AlAs, to Ga, ,;AlAs,

to Ga, -,AlAs, to Ga, -<AlAs, and finally to Ga, 4 AlAs
36A (FIG. 9). While, in contrast, the ternary material’s
concentration of “Aluminum”™ gradient will begin to gradu-
ally decrease, starting from the first graded confinement
cladding-layer’s bottom-edge 36A (FIG. 9) and gradually
decreases upward toward the FCSEL’s active-area 36B
(FIG. 9). For example, the amount of “Aluminum” gradient
will begin to decrease from GaAl, 4;As, to GaAl, 4,As, 1O
GaAl, 5-As, to GaAl, ;oAs, to GaAl, ,-As, and finally to
GaAl, 5,As 36A (FIG. 9).

In addition, and next in line for epitaxial deposition 1s a
FCSEL’s single active-area 36B (FIG. 9), which constitutes
the FCSEL’s active gain-medium, which, through the pro-
cess of “stimulated emission”, can produce additional coher-
ent light when optically pumped by intra-cavity produced
“spontancous emission” occurring within the FCSEL’s
double-heterostructure diode. The previously mentioned
active gain-medium 1s 1llustrated as a FCSEL’s active-area,

which is located within the FCSEL’s active-region 36 (FIG.
7).

Moreover, a FCSEL’s active-area 36B (FIG. 9) is shown
as a multi-layered MQW structure that lies between the
FCSEL’s first 36 A (FIG. 9) and second 36C (FIG. 9) graded
confinement cladding-layers. The previously mentioned

multi-layered MQW structure of a FCSEL 1s comprised as

seven quantum wells 49A, 49B, 49C, 49D, 49E, 49E, 49G
(FIG. 20-A), which are constructed using a binary (GaAs)
“Gallium-Arsenide” semiconductor material having a small
forbidden bandwidth, and six quantum well cladding-layers
S0A, S0B, 50C, 50D, 50E, 50F (FIG. 20-A), which are
constructed using a ternary (GaAlAs) “Gallium-Aluminum-
Arsenide” semiconductor material having a very large for-
bidden bandwidth. Additionally, all thirteen semiconductor
layers used to comprise a FCSEL’s active-area 36B (FIG. 9),
when they are combined form a MQW structure having a

combined thickness that 1s equal to one quarter of one
wavelength of the fundamental light created by the FCSEL’s
active-region 36 (FIG. 8).

For example, if a FCSEL’s active-region 36 (FIG. 7) were
designed to create light having a fundamental wavelength of
“800” nanometers, then the active-area’s 36B (FIG. 9) total
thickness would need to be one-quarter (i.e., “200”
nanometers) of one wavelength of the fundamental “800”
nanometer light created by the FCSEL’s active-region 36
(FIG. 8). Therefore, the combined thickness’ of the previ-
ously mentioned multiple quantum wells and multiple quan-
tum well cladding-layers that comprise the FCSEL’s active-
arca 36B should have a dimension of “200” nanometers, or
one-quarter of one wavelength of the fundamental “800”
nanometer light created by the FCSEL’s active-region 36

(FIG. 7).

Furthermore, if a FCSEL’s active-area 36B (FIG. 20) had
seven quantum wells 49A, 49B, 49C, 49D, 49E, 49F, 49G
(FIG. 20-A) comprised of binary (GaAs) “Gallium-
Arsenide” semiconductor material the seven quantum wells

49A, 49B, 49C, 49D, 49E, 49F, 49G (FIG. 20-A) would,

ecach need to have a material thickness of about “10.30”
nanometers. In addition, if a FCSEL’s active-area 36B had
six quantum well cladding-layers S0A, 50B, S0C, 50D, 50E,
SOF (FIG. 20-A) comprised of ternary (GaAlAs) “Gallium-

Aluminum-Arsenide” semiconductor material the six quan-
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tum well cladding-layers 50A, 50B, 50C, 50D, SO0E, 50F
(FIG. 20-A) would, each need to have a material thickness
of about “21.30” nanometers. The thickness amounts for
cach of the seven quantum wells and six quantum well
cladding-layers located within the FCSEL’s active-area 36
(FIG. 9), when combined should have a total material
thickness equal to “200” nanometers or one-quarter of one
wavelength of the fundamental “800” nanometer light cre-

ated by the FCSEL’s active-region 36 (FIG. 8).

In addition, the preferred embodiment of the present
invention, as illustrated 1in FIG. 19, shows from the energy
standpoint, a FCSEL’s MQW structure as being diagram-
matically characterized. More specifically, FIG. 19 1llus-
trates the profile of the potential wells and the discreet
energy levels assumed by the carriers respectively in the
conduction and valency bands (i.e., respectively electrons
and holes). When, an epitaxy, semiconductor film with a
small forbidden band €2 (e.g., film with a typical thickness
of about ten nanometers), such as films 49A, 49B, 49C, 49D,
49E, 49F, 49G (FIG. 20-A), which are surrounded by two
films having a larger forbidden band ¢0 (e.g., film with a
typical thickness of about twenty nanometers), such as films
S0A, 50B, 50C, 50D, 50E, 50F (FIG. 20-A), the previously
mentioned electrons and holes of the small forbidden band
material 49A, 49B, 49C, 49D, 49E, 49F, 49G (FIG. 20-A)

are coniined 1n monodirectional potential wells e2.

Therefore, as 1llustrated in FIG. 19, the movement of an
clectron 1nto a well created 1n the conduction band of height
AE  1s quantified 1n discreet states of energy E,, E,, E,, efc.
Moreover, 1n the same way, the movement of a hole 1nto a
well created 1n the valency band of height AE  1s quantified
in discreet states of energy E';, E',, and E';. When the
thickness of the small forbidden bandwidth material e2
varies, the energy states assumed by the carriers also vary.
Therefore, the emission length of the previously mentioned
MQW structures can be consequently adjusted by the
choice, the nature, and the thickness of the semiconductor
material films used in their construction.

In addition, and next 1n line for epitaxial deposition 1s a
FCSEL’s second “300” nanometers thick graded confine-
ment cladding-layer 36C (FIG. 9), which is deposited, using
MBE or MOCVD, onto the top and outermost surface of the
FCSEL’s active-area 36B (FIG. 9), giving it a deposited
position that lies between the FCSEL’s active-area 36B
(FIG. 9) and the FCSEL’s second contact-layer 37 (FIG. 9).
A FCSEL’s second graded confinement cladding-layer 36C
(FIG. 9) is comprised from a graded P-doped (GaAlAs)
“Galllum-Aluminum-Arsenide” ternary semiconductor
material. Wherein, the ternary material’s concentration of
“Galllum” gradient will begin to gradually increase, starting
from the second graded confinement cladding-layer’s top-

edge 36C (FIG. 9) and gradually increases downward
toward the FCSEL’s active-area 36B (FIG. 9).

For example, the amount of “Gallium” gradient begins to
increase from Ga, -AlAs, to Ga, ,AlAs, to Ga, (- AlAs, to
Ga, ,,AlAs, to Ga, ,;AlAs, and finally to Ga, ;,AlAs 36C
(FIG. 9). While, in contrast, the ternary material’s concen-
fration of “Aluminum” gradient begins to gradually
decrease, starting from the second graded confinement
cladding-layer’s top-edge 36C (FIG. 9) and gradually
decreases downward toward the FCSEL’s active-arca 36B

(FIG. 9). For example, the amount of “Aluminum” gradient
begins to decrease from GaAl, ,.As, to GaAl, ,,As, toO

GaAl, 55As, to GaAl, ;oAs, to GaAl, ,-As, and finally to
GaAl, ,,As 36C (FIG. 9).

In addition, and next 1n line for epitaxial deposition 1s a
FCSEL’s second “200” nanometers thick contact-layer 37
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(FIG. 7), which comprises a highly +p-doped (GaAs)
“Gallium-Arsenide” binary semiconductor material that is
epitaxially grown onto the top and outermost surface of the
FCSEL’s second graded confinement cladding-layer 36C
(FIG. 9), giving it a deposited position, that lies between the
FCSEL’s second graded confinement cladding-layer 36C
(FIG. 9) and the FCSEL’s semi-reflecting quarterwave
mirror-stack assembly 38 (FIG. 8). Additionally, a second
contact-layer 37 (FIG. 7), while providing positive electrical
connectivity to the FCSEL’s active-region 36 (FIG. 8), will
also enhance the reliability of the FCSEL’s laser design, by

preventing the migration of carrier-dislocations, and the like
to the FCSEL’s active-area 36B (FIG. 9).

In addition, and next in line for epitaxial deposition 1s a
FCSEL’s quarterwave mirror-stack assembly 38 (FIG. 7),
which 1s a single quarterwave mirror-stack assembly that 1s
comprised from a plurality of thin-film mairror-pairs. The
creation of a single mirror-pair 1s accomplished, when a
layer composed of an optical material exhibiting a high-
refractive index property i1s alternately deposited, using
MBE, MOCVD, or Sputtering onto a previously deposited
layer constructed using an optical material exhibiting a
low-refractive index.

Furthermore, a FCSEL’s semi-reflecting quarterwave
mirror-stack assembly 38 (FIG. 8), which is made from a
plurality of alternating layers, 1s alternately constructed
using low and high-refractive optical materials, and used by
the FCSEL laser diode as both feedback-providing input and
output mirror. For example, a plurality of one or more layers
of (MgF2) “Magnesium-Difluoride” material, and one or
more layers of (CaCO3) “Calcrum-Carbon-Trioxide” (i.e.,
sometimes called Calcite) material are alternately deposited,
using MBE, MOCVD, or sputtering onto the top and out-
ermost surface of the FCSEL’s second “200” nanometers
thick contact-layer 37 (F1G. 7). The FCSEL’s second “200”
nanometers thick contact-layer 37 (FIG. 7) is constructed
from a highly +p-doped (GaAs) “Gallium-Arsenide” binary
semiconductor material that 1s epitaxially grown onto the top
and outermost surface of the FCSEL’s second graded con-

finement cladding-layer 36C (FIG. 9). To example further, a
layer of (MgF2) “Magnesium-Difluoride” material “200”
nanometers thick 38A (FIG. 9) is deposited onto the top and
outermost surface of a FCSEL’s second “200” nanometers
thick contact-layer, while a layer of (CaCO3) “Calcium-
Carbonate” (i.e., sometimes called Calcite) material “200”
nanometer thick 38B (FIG. 9) is subsequently deposited
onto the top and outermost surface of the quarterwave
mirror-stack assembly’s first “200” nanometers thick layer
of (MgF2) “Magnesium-Difluoride” optical material 38A
(FIG. 9). Thereby, making a single mirror-pair of (MgF2/
CaCO3) reflectors 38A, 38B. If additional mirror-pairs are
required, several more layers of additional mirror-pairs can
be deposited onto the top and outermost surface of the
existing “200” nanometers thick layers of (MgF2)
“Magnesium-Difluoride” 38A, 38C, 38E, 38G, 381 (FIG. 9)
and “(CaCO3) “Calcium-Carbon-Trioxide” 38B, 38D, 38F,
38H, 39 (FIG. 9). The pluralities of alternating layers that
comprise a FCSEL’s quarterwave mirror-stack assembly are
typically formed from one mirror-pair to ten mirror-pairs,

with a preferred number of mirror-pairs ranging from four to
five mirror-pairs 38 (FIG. 8).

In addition, and next in line for epitaxial deposition 1s a
FCSEL’s internal reflecting corner-cube shaped polyhedral
prism waveguide 34 (FIG. 7) which, if comprised of Quartz
or (8102) “Fused Silicon-Dioxide” (i.e., sometimes called
fused silica) material, will reflect internally “100” percent,
any wavelength of optical radiation that enters its plane-
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parallel, flat horizontal, and circular top front-face surface
FIG. 15, FIG. 16. A FCSEL’s corner-cube polyhedral prism
waveguide 1s exactly what 1ts name implies, a polyhedral

prism based waveguide having the shape of a cube’s corner
34 (FIG. 8), which is cut off orthogonal to one of its (i.e.,
body-diagonal) triad axes, while the resultant polyhedral
prism’s top plane-parallel and flat horizontal surface 1s as a
result, formed into a planar-flat and circular surface FIG. 185,
FIG. 16. Additionally, as an added result of its construction,
a FCSEL’s corner-cube polyhedral prism waveguide’s three
polyhedral prisms are designed to totally redirect internally,
all incoming light-rays 42A (FIG. 15), (FIG. 16) a “180”
degrees backwards toward their original direction and light
source, no matter what the aforesaid light-rays’ angle of
incidence was when 1t entered the corner-cube polyhedral
prism waveguide’s plane-parallel, flat horizontal, and circu-
lar top front-face surface. Therefore, an 1nternally reflected
light-ray 1s shifted laterally by an amount, which depends
upon the light-ray’s point of entry.

Furthermore, a FCSEL’s corner-cube polyhedral prism
waveguide 34, as illustrated in FIG. 15 (i.e., an 1sometric
three-dimensional-view), displays a transparent three-
dimensional corner-cube prism juximposed with the result-
ant raytraced pathway of an incoming 42A (FIG. 15) and
then outgoing 42F (FIG. 15) light-ray that was incidental
upon corner-cube’s plane-parallel, horizontal, and circular
front-face top surface. A FCSEL’s corner-cube polyhedral
prism waveguide 34, as illustrated in FIG. 16 (i.e., an
orthographic top plan-view), displays a transparent three-
dimensional corner-cube prism juximposed with the result-
ant raytraced pathway of an incoming 42A (FIG. 16) and
then outgoing 42F (FIG. 16) light-ray that was incidental
upon corner-cube’s plane-parallel, horizontal, and circular
front-face top surface. The main function of FIGS. 15 and 16
1s to 1llustrate, through the use of two simple geometric
diagrams, just how light-rays 42A behave, upon entering a
FCSEL corner-cube polyhedral prism waveguide’s plane-
parallel, horizontal, and circular front-face top surface, when
they are internally redirected “180” degrees backwards
toward their originating light source 42F.

Moreover, when a light-ray 42F (FIG. 15), (FIG. 16)
enters the before mentioned plane-parallel, flat horizontal,
and circular top front-face surface of a FCSEL’s corner-cube
polyhedral prism waveguide 34 (FIG. 15), (FIG. 16) it will
first travel to one of the corner-cube polyhedral prism
waveguide’s three internal polyhedral prism facets located at
the corner-cube polyhedral prism waveguide’s bottom 34A,
348, 34C, where 1t 42B will be redirected 42C a “100”
percent from a first internal polyhedral prism facet-face 34A
to a second internal polyhedral prism facet-face 34C, where
it will be redirected 42D a “100” percent to a third internal
polyhedral prism facet-face 34B (FIG. 15), (FIG. 16), where
it will be redirected 42E a “100” percent up and out of the
FCSEL’s corner-cube polyhedral prism waveguide’s plane-
parallel, flat horizontal, and circular top front-face surface
42F backwards into the FCSEL’s vertical cavity for further
amplification.

In addition, the preferred embodiment of the present
mvention as illustrated in FIGS. 13, 14, 15, 16, 17, and 18
shows that a polyhedral prism waveguide 34, 43, 46 has
replaced what 1s typically known 1n prior-art VCSEL design

as the first or base quarterwave mirror stack assembly.
Typically, as illustrated 1n FIGS. 1-3, before a MBE or

MOCVD epitaxial deposition of (AIN) “Aluminum-Nitride”
and (GaN) “Gallium-Nitride” (AlGaN) “Aluminum-
Gallilum-Nitride”, which are the two semiconductor mate-
rials used to construct a high-frequency VCSEL’s first
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quarterwave mirror stack assembly, the pre-deposition of a
crystal growing buffer-layer material like (AIN)
“Aluminum-Nitride” onto the top and outermost surface of
the metallic supporting substrate 22 (FIG. 3) is required.
However, by using a FCSEL’s polyhedral prism waveguide
34, 43, 46 made from “Fused Silica” 1s used 1 place of the
more typical quarterwave mirror stack assembly the need for
this process 1s eliminated.

Furthermore, the location of a FCSEL’s polyhedral prism
waveguide 1s at the base of the FCSEL’s vertical cavity;
replacing the more conventional metallic alloy and/or sap-
phire substrates 22 and the planar-flat multilayered quarter-
wave mirror stack assemblies 24 (FIG. 3) normally used in
prior-art VCSEL designs, with a single layered monolithic
structure 34, 43, 46 made from “Fused Silica” that will
transmit all frequencies of optical radiation. Unlike the
quarterwave mirror-stack assemblies normally used 1n prior-
art VCSEL designs, the polyhedral prism waveguides used
in FCSELs are monostructural (i.e., formed into a single
shape from a single material) polyhedrons that tend to be
geometrically complex, but structurally simply, as opposed
to the previously mentioned quarterwave mirror stack
assemblies 24 (FIG. 3) used in prior-art VCSELSs, which are
gecometrically simple, but structurally complex, and com-
prised as multilayered structures having a multitude of
thin-film planar-flat plates constructed from materials with
alternate refractive indices.

Moreover, a FCSEL’s monostructural polyhedral prism
waveguide 34, 43, 46 when constructed from Quartz or
(S102) “Fused Silicon-Dioxide” are inexpensive to
manufacture, are moisture resistant, are heat resistant, are
non-conducting, and are easy to use 1n the construction of
the before mentioned FCSELs. The previously mentioned
(S102) “Fused Silicon-Dioxide” material is amorphous (i.c.,
a material made up of molecules that lack a distinct crys-
talline structure); therefore the material also has an absolute
lattice-mismatch to semiconductors like (GaAs) “Gallium-
Arsenide” and (AlGaAs) “Aluminum-Gallium-Arsenide,
and to other Zinc-blend semiconductor materials, as well,
which tends to promote a greater reflectivity at the material
interface that lies between the FCSEL’s first contact layer 35
(FIG. 9) and the FCSEL’s polyhedral prism waveguide 34,
43, 46.

In addition, a FCSEL’s (§102) “Fused Silicon-Dioxide”
polyhedral prism waveguide would also be optically
transparent, optically transmitting, and optically reflective
totally to all intra-cavity optical radiation with wavelengths
ranging from the very-short “150” nanometers of ultraviolet
radiation to the very-long “5000” nanometers of infrared
radiation. Moreover, remembering that, it 1s the before
mentioned polyhedral prism waveguide’s monostructural
geometry that gives i1t the ability to internally redirect all

optical radiation entering its plane-parallel, flat-horizontal,
and circular top front-face surface 34C (FIG. 16), 43C (FIG.
14), 46B (FIG. 18).

Furthermore, the FCSEL design increases 1ts modal dis-
crimination by extending its optical-cavity length using the
polyhedral prism waveguide as the means. The previously
mentioned polyhedral prism waveguide, because 1t length-
ens a FCSEL’s optical-cavity, works by increasing the
diffraction loss for 1ts higher-order transverse optically
moded light; thus increasing gain for its fundamental and
lower-order transverse optically moded light. Therefore, by
replacing the bottom positioned multilayered quarterwave
mirror stack assembly, so typical of VCSEL designs, with a
polyhedral prism waveguide we increase the output for its
fundamental single-transverse optically moded light emis-
sion to nearly 7-mW.
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Additional embodiments as 1llustrated 1n FIGS. 13, 14,
17, and 18 show two different embodiments of a FCSEL’s

polyhedral prism waveguide which, if comprised of Quartz
or (8102) “Fused Silicon-Dioxide” (i.e., sometimes called
fused silica) material, will reflect internally a “100” percent
any wavelength of optical radiation entering 1ts plane-
parallel, flat horizontal, and circular top front-face surface

34D (FIG. 16), 43C (FIG. 14), 46B (FIG. 18). The first
additional embodiment as 1llustrated 1in FIG. 13 and FIG. 14
shows a FCSEL’s right-angle prism shaped polyhedral
prism waveguide. Whereby, FIG. 14 (i.e., an isometric
three-dimensional-view) displays an isometric three-
dimensional-view of a FCSEL’s right-angle prism shaped
polyhedral prism waveguide 43 along with a raytraced
pathway for an incoming 45A and outgoing 45E light-ray
incidental upon the right-angle prism shaped polyhedral

prism waveguide’s plane-parallel, flat horizontal, and circu-
lar top front-face surface 43C (FIG. 14).

In addition, FIG. 13 (i.e., an orthographic top plan-view)
displays an orthographic plan-view of a FCSEL’s right-
angle prism shaped polyhedral prism waveguide 43 and
raytraced pathway for an imncoming 45A and outgoing 45E
light-ray 1ncidental upon of the FCSEL’s right-angle prism
shaped polyhedral prism waveguide’s top plane-parallel, flat
horizontal, and circular front-face surface 43C (FIG. 13).
The main function of illustrations FIG. 13 and FIG. 14 1s to

describe through the use of two simple geometric diagrams
how light-rays 45 (FIG. 13), (FIG. 14) when they enter a
FCSEL’s right-angle prism shaped polyhedral prism
waveguide’s plane-parallel, flat horizontal, and circular top
front-face surface 43C (FIG. 13), (FIG. 14) are internally

reflected a “180” degrees backwards toward their originating
light source 45E (FIG. 13).

Moreover, when the before mentioned light-ray 45A
(FIG. 14) enters the plane-parallel, flat horizontal, and
circular top front-face surface 43C (FIG. 13) of a FCSEL’s
right-angle prism shaped polyhedral prism waveguide 43 1t
will first travel to one of the right-angle prism shaped
polyhedral prism waveguide’s two internal polyhedral prism
facet-faces, which are located at the bottom of the right-
angle prism shaped polyhedral prism waveguide 43A, 43B
(FIG. 13), (FIG. 14), where it 45B (FIG. 13), (FIG. 14) will
be redirected 45C (FIG. 13), (FIG. 14) a “100” percent into
a “90” degree transverse direction from a first internal
polyhedral prism facet-face 43A (FIG. 13), (FIG. 14) to a
second internal polyhedral prism facet-face 43B (FIG. 13),
(FIG. 14), where 1t will be redirected 45D (FIG. 13), (FIG.
14) a “100” percent into a “90” degree longitudinal direction
up and out of the plane-parallel, flat horizontal, and circular
top front-face surface 45D (FIG. 13), (FIG. 14) of the
right-angle prism shaped polyhedral prism waveguide back-
wards into the FCSEL’s vertical cavity 45E (FIG. 13), (FIG.
14) for further amplification. The second additional embodi-
ment as illustrated mn FIGS. 17, and 18 shows a conical
shaped polyhedral prism waveguide 46 which, 1f comprised
of Quartz or (S102) “Fused Silicon-Dioxide” (i.e., some-
times called fused silica) material, will reflect internally a
“100” percent any wavelength of optical radiation entering
its plane-parallel, flat horizontal, and circular top front-face

surface 46B (FIG. 17).

Furthermore, FIG. 17 (i.e., an isometric three-
dimensional-view) displays an isometric three-dimensional-
view of a FCSEL’s conical shaped polyhedral prism
waveguide 46 along with a raytraced pathway for an 1ncom-
ing 47A and outgoing 47E light-ray that i1s incidental upon
the conical shaped polyhedral prism waveguide’s plane-
parallel, flat horizontal, and circular top front-face surface

46B (FIG. 17).
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In addition, FIG. 18 (i.e., an orthographic top plan-view)
displays an orthographic plan-view of a FCSEL’s conical
shaped polyhedral prism waveguide 46 along with a ray-
fraced pathway for an incoming 47A and outgoing 47E
light-ray that 1s incidental upon of the conical shaped
polyhedral prism waveguide’s top plane-parallel, flat
horizontal, and circular front-face surface 46B (FIG. 18).
The main function of illustrations FIG. 17 and FIG. 18 1s to

describe, through the use of two simple geometric diagrams,
how light-rays 47 (FIG. 17), (FIG. 18) when they enter a
FCSEL’s conical shaped polyhedral prism waveguide’s
plane-parallel, flat horizontal, and circular top front-face
surface 36B (FIG. 17), (FIG. 18) are internally reflected a

“180” degrees backwards toward their originating light
source 47E (FIG. 17), (FIG. 18).

Moreover, when the previously mentioned light-ray 47A
(FIG. 17), (FIG. 18) enters the plane-parallel, flat horizontal,
and circular top front-face surface 46B (FIG. 17), (FIG. 18)
of a FCSEL’s conical shaped polyhedral prism waveguide
46 (FIG. 17), (FIG. 18) it will first travel to the conical
shaped polyhedral prism waveguide’s curved polyhedral
prism facet-face 46 A (FIG. 17), (FIG. 18), which is located
at the conical shaped polyhedral prism waveguide’s bottom
46 A (F1G. 17), (FIG. 18), where i1t 47B (FIG. 17), (FIG. 18)
will be redirected 47C (FIG. 17), (FIG. 18) a “100” percent
into a “90” degree transverse direction from the curved
internal polyhedral prism facet-face 46A (FIG. 17), (FIG.
18) to the other side of the curved internal polyhedral prism
facet-face 46A (FIG. 17), (FIG. 18), where it will be
redirected 47D (FIG. 17), (FIG. 18) a “100” percent into a
“90” degree longitudinal direction up and out of the
FCSEL’s conical shaped polyhedral prism waveguide’s
plane-parallel, flat horizontal, and circular top front-face
surface 46B (FIG. 17), (FIG. 18), backwards into the

FCSEL’s vertical cavity for further amplification.

An additional embodiment of the present FCSEL
mvention, as illustrated in FIGS. 7, 8, 9, 13, 14, 15, 16, 17,
18, and 20 1s the material distribution process for the
polyhedral prism waveguides 34, 43, 46. If constructed from
(S102) “Fused Silicon-Dioxide”, the previously mentioned
polyhedral prism waveguide 1s to be sputter deposited onto
the bottom and outermost surface of the FCSEL’s first
+n-doped (GaAs) “Gallium-Arsenide” crystalline semicon-
ductor contact-layer 35 (FIG. 9), while its top and outermost
surftace will be used as a crystal growing substrate for the
orowing of the FCSEL’s remaining crystalline semiconduc-
tor structures, while using MBE or MOCVD as a epitaxial
method of layer deposition.

Furthermore, the reason why the top and outermost sur-
face of a FCSEL’s first +n-doped (GaAs) “Gallium-
Arsenide” crystalline semiconductor contact-layer 35 1s
used as the crystal growing substrate for growing the
FCSEL’s remaining crystalline semiconductor structures 1s
that even though the polyhedral prism waveguides are
deposited at the very bottom of a FCSEL’s optical cavity
they cannot be used as crystal growing substrates. Moreover,
because (S102) “Fused Silicon-Dioxide” the dielectric mate-
rial used 1n the construction of a FCSEL’s polyhedral prism
waveguides 1s amorphous 1t could never be used to grow the
FCSEL’s succeeding layers of crystalline semiconductor
materials.

To explain this further, (5102) “Fused Silicon-Dioxide”
can never be used as a growth substrate for a MBE or

MOCVD epitaxial deposition of a FCSEL’s succeeding

layers of crystalline semiconductor materials because, dur-
ing the process of MBE or MOCVD deposition, a deposited
material, during 1ts growth will take on the same crystalline
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or non-crystalline molecular structure that 1s exhibited by its
crystal growing substrate. Consequently, because a

FCSEL’s polyhedral prism waveguides 34 (FIG. 16), 43
(FIG. 14), 46 (FIG. 18) are made from (SiO2) “Fused

Silicon-Dioxide”, then any crystalline semiconductor
material, if epitaxially deposited upon 1ts amorphous struc-
ture would, also during its growth acquire the (S102) “Fused
Silicon-Dioxide” material’s amorphous non-crystalline
form and because the FCSEL’s succeeding layers need to
have crystalline structures to function (Si02) “Fused
Silicon-Dioxide” 1s useless as a material used 1n the crystal
growing production of double-heterostructure light emitting
diodes, crystalline quarterwave mirror stacks, and other
crystalline structures that might be used to control the
polarization, modulation, and frequency of the FCSEL’s
output laser emissions.

Furthermore, the distribution of (S102) “Fused Silicon-
Dioxide™, 1f used 1n the construction of a FCSEL’s polyhe-
dral prism waveguides 34 (FIG. 15), (FIG. 16), 43 (FIG. 13),
(FIG. 14), 46 (FIG. 17), (FIG. 18), would be done through
a well known sputtering process onto the bottom and out-
ermost planar-tlat surface that underlies the FCSEL’s first
contact-layer 35 (FIG. 9) and crystal growing substrate of
+n-doped binary (GaAs) “Gallium-Arsenide” material. For
example, a layer of (S102) “Fused Silicon-Dioxide”
material, approximately “1000” nanometers thick, 1s sputter
deposited onto the bottom and outermost surface of a
FCSEL’s before mentioned first contact-layer 35 (FIG. 7)
and crystal growing substrate of +n-doped binary (GaAs)
“Gallium-Arsenide” material. Afterwards, lithography pro-
cesses are used to remove the excess (S102) “Fused Silicon-
Dioxide” material that surrounds a FCSEL’s polyhedral
prism waveguide(s), revealing therein a cylindrical shaped
base-structure(s).

In addition, a well known 1on-milling process 1s employed
to slice out the polyhedral prism waveguide’s 34 (FIG. 15),
(FIG. 16), 43 (FIG. 13), (FIG. 14), 46 (FIG. 17), (FIG. 18)
prism facets, while a material like (LiF) “Lithium-Fluoride”
for a cladding layer 40 (FIG. 9), having a very low index of
refraction 1s deposited, using a well known sputtering
process, around the FCSEL’s (S102) “Fused Silicon-
Dioxide” polyhedral prism waveguide(s). If necessary the
(LiF) “Lithium-Fluoride” 40 (FIG. 9) cladding material can
be partially removed later using a well-known 1on-milling
process; leaving the polyhedral prism waveguide’s facets
uncovered. Moreover, an amorphous form of (LiF)
“Lithium-Fluoride” cladding material 40 (FIG. 9) is used by
a FCSEL’s optical cavity as an opfical cladding material,
which also adds additional support and structural strength to

the FCSEL’s polyhedral prism waveguide(s) 34 (FIG. 15),
(FIG. 16), 43 (FIG. 13), (FIG. 14), 46 (FIG. 17), (FIG. 18)

as well.

Furthermore, 1t should be understood that within each
FCSEL device the thickness and doping levels of dopants
within each layer 1s precisely controlled. Any deviation from
a FCSEL’s designed parameters, no matter how slight,
would affect the FCSEL’s performance (i.e., frequency
range and flux intensity). For example, if a FCSEL device
were designed to emit laser light at a wavelength of “800”
nanometers, then the thickness of each alternating layer,
used 1n the FCSEL’s quarterwave mirror-stack assembly 38
(FIG. 9) would each, need to equal one quarter of one
wavelength of the fundamental “800” nanometer light pro-
duced by the FCSEL’s active-region. The doping of a
FCSEL’s multi-layered structures 1s accomplished during
epitaxial deposition by the addition of various dopant mate-
rials (e.g., n-type electron donating dopants like Phosphorus
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and p-type electron accepting dopants like Boron) to con-
struction materials used 1n the MBE or MOCVD epitaxial
deposition of layers. A FCSEL laser device will use many
different dopant concentrations of specific dopant materials
within the several different extrinsic semiconductor layers
that comprise the FCSEL’s various multi-layered structures.

An additional embodiment of the present FCSEL
invention, as illustrated by FIGS. 7, 8, and 9, shows how the
FCSEL laser diode 1s configured as a single laser-diode
device. For example, a FCSEL would be configured as a
single laser-diode device, when used 1n applications like:

(1) In (AV) “Audio Video” record/playback multi-media
recorders.

(i) In (DVD) “Digital Video Disk” players.

(ii1) In (CD) “Compact Disk” players.

(iv) In (WORM) “Write Once Read Many” data-storage
devices constructed using single FCSEL lasers.

(v) In (MPEG) “Motion Picture Expert Group” compact

disk players and recorders constructed using single
FCSEL lasers.

v1l) In 1ni 1S magneto-optical recor
(vi) In (MD) “Mini Disk” mag ptical d/
playback recorders.

(vii) In rear-projection big-screen television.

(viil) In magneto-optical flying-head data-storage hard
disk drives.

(ix) In (DVD) “Digital Video Disk” ram-disk data-storage
drives.

(x) In (MO) “Magneto Optical” removable disk drive
mass-storage.

(xi) In short and long-haul fiber-optic communication
transmitters.

An additional embodiment of the present FCSEL mven-
tion as 1illustrated by FIGS. 10, 11, and 12 shows the
FCSEL’s configuration as a laser-array device. For example,
a FCSEL could be configured as a laser-array device for use
in hardware applications like:

(1) In optically pumped solid-state lasers using a FCSEL
laser-array.

(i1) In video-display micro-screens using a FCSEL laser-
array.

(ii1) In flat-bed and hand-held scanners using a FCSEL
laser-array.

(iv) In laser printers using a FCSEL laser-array.

An additional embodiment of the present FCSEL 1nven-
tion describes how FCSELs 1llustrated by FIGS. 10, 11, and
12 are configured into laser-arrays that can be manufactured
at the same time and from the same binary (GaAs) “Gallium-
Arsenmide” semiconductor substrate material that 1s used to
construct the laser-array’s control-circuitry, all of which,
would be contained within a single laser-array device. While
the FCSELs within a single laser-array device are
configured, as either singularly controlled and addressable
lasers, or a single laser-array device configured and con-
trolled as a single unit of multiple lasers (i.c., a laser-array).
The electronic control over both a single FCSEL laser device
or individual FCSEL laser devices located within a single
FCSEL laser-array 1s easily accomplished through a (GaAs)
“Gallium-Arsenide” semiconductor based control-bus,
memory-bus, and address-bus form of circuitry, all of which,
are semiconductor circuits created from and contained on
the same semiconductor substrate material used to create the
before mentioned FCSEL lasers themselves. To explain
further, (GaAs) “Gallium-Arsenide” circuitry can be
created, along with the before mentioned FCSEL laser
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devices, from the same binary (GaAs) “Gallium-Arsenide”
semiconductor substrate material. Integrating the before
mentioned FCSEL devices, along with the before mentioned
control circuitry, into a single surface mountable integrated
semiconductor chip device.

An additional embodiment of the present FCSEL 1nven-
tion as 1llustrated by FIG. 9 shows the addition of a cladding
material 40 to the vertical and outermost wall surfaces of the
FCSEL’s vertical cavity, or cavities, where the cladding
material 40 has a refractive index less than the semiconduc-
tor crystalline materials used 1n the construction of its before
mentioned vertical cavity. A cladding material 40 (FIG. 9) is
to be deposited around and between every lithographically
ctched FCSEL; surrounding every FCSEL’s outermost wall-
surface with an iternal reflectivity that 1s “100” percent for
any 1ntracavity traveling light-ray, but only 1f the light-ray’s
angle of incidence upon the cladding-layer’s 40 mnermost
wall surface has an internal angle of incidence equal to or
oreater than what 1s normally termed as the critical angle of
internal reflection. For example, the deposition of (LiF)
“Lithium-Fluoride” for the cladding layer 40 (FIG. 9), an
optical material possessing a much lower refractive index
than the binary (GaAs) “Gallium-Arsenide”, and the ternary

(GaAlAs) “Gallium-Aluminum-Arsenide” materials used in

the construction of a FCSEL’s vertical cavity; wherein, the
previously mentioned (LiF) “Lithium-Fluoride” is used as
an optical cladding material that 1s sputter deposited onto
and around the outermost wall surfaces of the FCSEL’s
vertical cavity; excluding the FCSEL’s “200” nanometers
thick “Calcite” emitter layer 39 (FIG. 7) which, being the
last deposited layer in the FCSEL device 1s located at the
very top of the FCSEL’s before mentioned quarterwave
mirror stack assembly 39 (FIG. 9). The before mentioned
deposition of cladding material to a FCSEL’s outer-most
wall surface will give added stability to the FCSELs and
their polyhedral prism waveguides, while helping to achieve
a total internal reflectivity for the FCSEL device(s). The
mtroduction of vertically applied internal reflectivity will
help reduce optical loses to a FCSEL’s optical cavity;
wherelin, the previously mentioned optical loses are caused
by planar-mirror light-scattering and planar-mirror diffrac-
fion scattering.

Moreover, the application of cladding materials 40 like
(LiF) “Lithium-Fluoride” to the optical cavities of FCSELSs
(FIG. 9), will create between the optical cavities of FCSELSs
and the previously mentioned optical cladding material, an
internal reflecting optical-barrier, which will confine to a
FCSEL’s optical cavity, diode produced fundamental light.
This process works in much the same way as fiber-optic
technology does; wherein, an optical cladding material,
having an lower refractive index than the material used
within an optical fiber’s core 1s deposited onto the outermost
surface walls of that optical fiber’s core, will achieve, “100”
percent, a total iternal reflectivity for any intra-fiber trav-
cling light-ray whose angle of incidence upon the innermost
wall surface of optical-fiber’s cladding-layer has an internal
angle of incidence equal to or greater than what 1s normally
termed as the critical angle of internal reflection.

An alternative embodiment to the present FCSEL
invention, as 1illustrated in FIG. 21 shows an alternative
embodiment to the double-heterostructure light emitting
diode design previously described 1n the preferred embodi-
ment above. The alternative embodiment being also of a
double-heterostructure diode design, which 1s alternatively
configured as an active-region 52 (FIG. 21) that comprises
a (MQW) “Multiple Quantum Well” active-area 52C (FIG.

21), but is also shown as having two primary contra-
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positioned non-graded confinement cladding-layers 52A,
S2E (FIG. 21), two contra-positioned non-graded (SCH)
“Separate Confinement Heterostructure” cladding-layers
52B, 52D (FIG. 21), one positive contact-layer 53 (FIG. 21),
and one negative contact-layer and crystal growing substrate
51 (FIG. 21).

Furthermore, the alternative embodiment to the present
FCSEL invention, as illustrated in FIG. 21 shows a double-
heterostructure light emitting diode design whose order of
layered deposition begins with the creation of a first “200”
nanometers thick contact-layer 51 (FIG. 21), which is
formed from a pre-manufactured and pre-sliced semicon-
ductor wafer that was comprised from a seed crystal of
highly +n-doped (GaAs) “Gallium-Arsenide” binary mate-
rial having a crystallographic orientation of <100>, <111>,
<110>, or <001>, and used as the main substrate for the
subsequent growth of the remaining crystalline semiconduc-
tor layers that make-up the diode’s structure.

Moreover, an alternative FCSEL diode’s first contact-
layer 51 (FIG. 21), while providing negative electrical
connectivity to the alternative FCSEL diode’s light emitting
active-region 52 (FIG. 21) will also enhance the reliability
of the alternative FCSEL diode’s design, by preventing the
migration of carrier-dislocations, and the like, to the alter-
native FCSEL diode’s active-area 52C (FIG. 21).

In addition, the alternative embodiment of the present
FCSEL 1nvention, as illustrated in FIG. 21 shows a first
“200” nanometers thick primary non-graded confinement
cladding-layer 52A (FIG. 21), which is deposited, using
MBE or MOCVD, onto the top and outermost surface of the
alternative FCSEL diode’s first contact-layer 51, giving it a
deposited position between the alternative FCSEL diode’s
first contact-layer 51 and the alternative FCSEL diode’s first
non-graded SCH cladding-layer 52B (FIG. 21). The alter-
native embodiment of the present FCSEL invention, as
illustrated 1n FIG. 21 shows that the first “200” nanometers
thick primary non-graded confinement cladding-layer 52A
(FIG. 21) that comprises an N-doped (AlGaAs) “ Aluminum-
Galllum-Arsenide” ternary semiconductor material.

In addition, the alternative embodiment to the present
FCSEL 1nvention, as illustrated in FIG. 21 shows a first
“100” nanometers thick non-graded SCH cladding-layer
52B (FIG. 21) that comprises a n-doped (GaAlAs)
“Gallium-Aluminum-Arsenide” ternary semiconductor
material which 1s deposited, using MBE or MOCVD, onto
the top and outermost surface of the alternative FCSEL
diode’s first primary non-graded confinement cladding-layer
52A (FIG. 21), giving it a deposited position between the
alternative FCSEL diode’s first primary non-graded confine-
ment cladding-layer 52A and the alternative FCSEL diode’s
active-area 52C (FIG. 21). An alternative FCSEL diode’s
first “100” nanometers thick non-graded SCH cladding-
layer 52B 1s made from a material having an refractive index
that 1s between the refractive index of the multiple quantum
wells that make-up the alternative FCSEL diode’s active-
arca 52 and the refractive index of the material used to
construct the alternative FCSEL diode’s first primary non-
graded confinement cladding layers 52A (FIG. 21).

In addition, the alternative embodiment of the present
FCSEL invention, as illustrated 1in FIG. 21, shows that next
in line for material deposition is a active-area 52C (FIG. 21)
that constitutes the FCSEL’s active medium which, through
a process of stimulated emission, produces additional light
when the previously mentioned active medium 1s optically
pumped by intracavity confined light created by the popu-
lation inversion occurring within the alternative FCSEL

diode’s active-area S2C (FIG. 21), which is a MQW 52

10

15

20

25

30

35

40

45

50

55

60

65

24

(FIG. 21) structure located within the alternative FCSEL
diode’s active-region.

In addition, the alternative embodiment of the present
FCSEL invention, as illustrated in FIG. 21, shows that the
previously mentioned active-area 52C 1s a multi-layered
MQW structure 52C (FIG. 21) that is positioned between the
alternative FCSEL’s first and second non-graded SCH con-
finement cladding-layers 52B, 52D (FIG. 21), which com-
prises seven quantum wells 49A, 498, 49C, 49D, 49E, 49F,
49G (FIG. 20-A) that are constructed using a binary (GaAs)
“Gallium-Arsenide” semiconductor material having a small
forbidden bandwidth, and six quantum well cladding-layers
S0A, 50B, 50C, 50D, SOE, S0F (FIG. 20-A) that are con-
structed using a ternary (GaAlAs) “Gallium-Aluminum-
Arsenide” semiconductor material having a very large for-
bidden bandwidth. All thirteen of the previously mentioned
semiconductor layers that make up an alternative FCSEL’s
active-area S2C (FIG. 21), when combined, form a MQW
having a combined material thickness that 1s one-quarter of
one wavelength of the fundamental light emission created by
the alternative FCSEL’s active-region 52 (FIG. 21). For
example, if an alternative FCSEL’s active-region 52 (FIG.
21) were designed to create light with a fundamental wave-
length of “800” nanometers the alternative FCSEL’s active-
arca S2C total material thickness would need to be one-
quarter (i.e., “200” nanometers) of one wavelength of the
fundamental “800” nanometer light that was created by the
alternative FCSEL’s active-region 52.

Furthermore, if an alternative FCSEL’s active-area 52C
(FIG. 21), as shown 1n FIG. 20-A, had seven quantum wells

49A, 498, 49C, 49D, 49E, 49F, 49G comprised of binary
(GaAs) “Gallium-Arsenide” semiconductor material, the
before mentioned seven quantum wells would each need to

have a material thickness of about “10.30” nanometers. In
addition, 1f an alternative FCSEL’s active-area 52C had six
quantum well cladding-layers S0A, 50B, 50C, 50D, SOE,
SOF (FIG. 20-A) comprised of ternary (GaAlAs) “Gallium-
Aluminum-Arsenide” semiconductor material, the before
mentioned six quantum well cladding-layers would each
need to have a material thickness of about “21.30” nanom-
eters. The thickness amounts for each of the seven quantum
wells and six quantum well cladding-layers located within
the alternative FCSEL’s active-area 52C, when combined,
should have a total material thickness equal to “200” nanom-
eters or one-quarter of one wavelength of the fundamental
“800” nanometer light created by the alternative FCSEL’s
active-region 352 (FIG. 21).

In addition, the alternative embodiment of the present
FCSEL 1nvention as illustrated 1in FIG. 21 shows an alter-
native FCSEL diode’s MQW structure, from the energy
standpoint, as being diagrammatically characterized (FIG.
19). More specifically, FIG. 19 illustrates the profile of the
potential wells and the discreet energy levels assumed by the
carriers respectively 1n the conduction and valency bands
(i.e., respectively electrons and holes). When, an epitaxy,
semiconductor film with a small forbidden band €2 (e.g.,
film with a typical thickness of about ten nanometers), such
as films 49A, 49B, 49C, 49D, 49E, 49F, 49G (FIG. 20-A),
which are surrounded by two films with a larger forbidden
band €0 (e.g., film with a typical thickness of about twenty
nanometers), such as films S0A, 50B, 50C, 50D, S0E, S0F
(FIG. 20-A), the previously mentioned electrons and holes
of the small forbidden band material 49A, 49B, 49C, 49D,
49E, 49F, 49G (FIG. 20-A) are confined in monodirectional
potential wells e2.

Moreover, as illustrated 1n FIG. 19, the movement of an
electron 1nto a well created in the conduction band of height
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AE . 1s quantified 1n discreet states of energy E, E,, E5, efc.;
moreover 1n the same way, the movement of a hole 1nto a
well created 1n the valency band of height AE _ 1s quantified
in discreet states of energy E';, E'5, and E's. When the
thickness of the small forbidden bandwidth material e2
varies, the energy states assumed by the carriers also vary.
Therefore, the emission length of the previously mentioned
MQW structures can consequently be adjusted by the
choice, the nature, and the thickness of the semiconductor
material {ilms used 1n their construction.

In addition, the alternative embodiment to the present
FCSEL 1nvention, as illustrated in FIG. 21, shows that next
in line for deposition 1s a second “100” nanometers thick
non-graded SCH cladding-layer 52D that comprises a
p-doped (GaAlAs) “Gallium-Aluminum-Arsenide” ternary
semiconductor material which 1s deposited, using MBE or
MOCVD, onto the top and outermost surface of the alter-
native FCSEL diode’s active-area 52C (FIG. 21), giving it a
deposited position between and the alternative FCSEL
diode’s active-area 52C and the alternative FCSEL diode’s
second primary non-graded confinement cladding-layer 52E
(FIG. 21). An alternative FCSEL diode’s second “100”
nanometers thick non-graded SCH cladding-layer 52D 1s to
be made from a material having an refractive index between
the refractive index of the alternative FCSEL diode’s mul-
tiple quantum wells and the refractive index of the material
that 1s used to construct the alternative FCSEL diode’s
second primary non-graded confinement cladding layers
S2E (FIG. 21).

In addition, the alternative embodiment to the present
FCSEL invention, as illustrated 1in FIG. 21, shows that next
in line for deposition 1s an alternative FCSEL diode’s second
“200” nanometers thick primary non-graded confinement
cladding-layer S2E, which 1s epitaxially deposited, using
MBE, MOVPR, or MOCVD onto the top and outermost
surface of the alternative FCSEL diode’s second “100”
nanometers thick non-graded SCH cladding-layer 52D (FIG.
21). Giving it a deposited position between the alternative
FCSEL diode’s second “100” nanometers thick non-graded
SCH cladding-layer 52D and the alternative FCSEL diode’s
second contact-layer 83 (FIG. 21). The alternative embodi-
ment of the present FCSEL 1nvention as illustrated in FIG.
21 shows that the second “200” nanometers thick primary
non-graded confinement cladding-layer 52E (FIG. 21) that
comprises a P-doped (AlGaAs) “Aluminum-Gallium-
Arsenide” ternary semiconductor material.

In addition, the alternative embodiment to the present
FCSEL mvention, as illustrated in FIG. 21, shows next in
line for deposition 1s an alternative FCSEL diode’s second
“200” nanometers thick contact-layer 53 that comprises a
highly +p-doped (GaAs) “Gallium-Arsenide” binary semi-
conductor material, which 1s epitaxially grown onto the top
and outermost surface of the alternative FCSEL diode’s
second primary non-graded confinement cladding-layer 52E
(FIG. 21). The alternative embodiment to the present FCSEL
invention as illustrated in FIG. 21 shows that the second
“200” nanometers thick contact-layer 53 (FIG. 21), while
providing positive electrical connectivity to the alternative
FCSEL diode’s active-region 52 (FIG. 21) will also enhance
the reliability of the alternative FCSEL diode’s laser design,
by preventing the migration of carrier-dislocations, and the
like, to the alternative FCSEL diode’s active-area 52C (FIG.
21).

Furthermore, the alternative embodiment to the present
FCSEL 1nvention as 1llustrated in FIG. 21 shows a standing
wave 54 (FIG. 21) plotted across the alternative embodiment
double-heterostructure diode’s structure, where the standing
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wave’s peak crest as being centered onto the center of the
alternative FCSEL diode’s active-area 52C (FIG. 21) illus-
frating an properly designed active-region. For example, an
alternative FCSEL diode’s active-region, as 1illustrated in
FIG. 21, when comprised of two contra-propagating “100”
nanometers thick non-graded SCH cladding-layers 52B,
52D, and an active-area “200” nanometers thick 52C (FIG.
21), layers equaling a total material thickness of “400”
nanometers or one-half of one wavelength of the fundamen-
tal “800” nanometer light that 1s generated by the alternative
embodiment diode’s active-region, would be centered, as
illustrated 1n FIG. 21, on a propagating standing wave’s
crest; thus generating optimal gain for the output emission of
stimulated emission generated light.

From the description above, a number of advantages of
various embodiments of the present invention become evi-
dent:

The total elimination, along with the manufacturing pro-
cesses assoclated with their construction, of what 1s typically
known 1n prior-art VCSEL design as the first quarterwave
mirror stack assembly, or as the base quarterwave mirror
stack reflector, which 1s replaced, as illustrated 1n FIGS. 7,
8, and 9, by the present inventions polyhedral prism
waveguide 34, 43, 46.

The use of a polyhedral prism waveguide, which 1s
located at the base of the present invention’s vertical cavity,
replaces the more conventional metallic alloy and/or sap-
phire substrates and/or the planar-flat multilayered quarter-
wave mirror stack assemblies 22, 23 (FIG. 1), (FIG. 2),
(FIG. 3) normally used in prior-art VCSEL designs, with a
single layered monolithic structure that will transmit all
frequencies of optical radiation.

The polyhedral prism waveguides used 1n the present
invention are monostructural (i.e., formed into a single
shape from a single material) polyhedrons, which are geo-
metrically complex, but structurally simply, as opposed to
quarterwave mirror stacks used 1n prior-art VCSELSs, which
arec geometrically simple, but structurally complex, and
comprised as multilayered structures having a multitude of
thin-film planar-flat plates constructed from materials with
alternate refractive indices.

The present invention’s monostructural polyhedral prism

waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18), when constructed from Quartz or
(S102) “Fused Silicon-Dioxide”, is inexpensive to manu-
facture.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18), when constructed from Quartz or
(S102) “Fused Silicon-Dioxide”, 1s moisture resistant.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),

46 (FIG. 17), (FIG. 18), when constructed from Quartz or
(S102) “Fused Silicon-Dioxide”, 1s heat resistant.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18), when constructed from Quartz or
(S102) “Fused Silicon-Dioxide”, 1s non-conducting.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18), when constructed from Quartz or
(S102) “Fused Silicon-Dioxide”, is easy to use in the con-
struction of the present invention.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18), when constructed from Quartz or

(S102) “Fused Silicon-Dioxide”, is amorphous (i.€., a mate-
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rial made up of molecules that lack a distinct crystalline
structure); therefore the material has an absolute lattice-
mismatch to diode constructing semiconductor materials
like (GaAs) “Gallium-Arsenide” and (AlGaAs)
“Aluminum-Gallium-Arsenide, and to other Zinc-blend
semiconductor materials, as well. Moreover, this tends to
promote a greater reflectivity at the material interface
between the FCSEL’s first contact layer 35 (FIG. 9) and the
FCSEL’s polyhedral prism waveguide.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18), when constructed from Quartz or
(S102) “Fused Silicon-Dioxide”, 1s optically transparent to
optical radiation with wavelengths ranging from the very-
short “150” nanometers of ultraviolet radiation to the very-
long “5000” nanometers of infrared radiation.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18) when constructed from Quartz or
(S102) “Fused Silicon-Dioxide” will optically transmit opti-
cal radiation with wavelengths ranging from the very-short
“150” nanometers of ultraviolet radiation to the very-long
“5000” nanometers of infrared radiation.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (FIG. 17), (FIG. 18) when constructed from Quartz or
(S102) “Fused Silicon-Dioxide™ 1s also totally and internally
reflecting to optical radiation with wavelengths ranging from
the very-short “150” nanometers of ultraviolet radiation to
the very-long “5000” nanometers of infrared radiation.

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (F1G. 17), (FIG. 18) has a monostructural geometry that
orves 1t the ability to internally redirect a “180” degrees all
optical radiation entering its plane-parallel, flat-horizontal,
and circular top front-face surface 27C (FIG. 13), (FIG. 14),
(FIG. 15), (FIG. 16) 36B (FIG. 18), (FIG. 19).

The present invention’s monostructural polyhedral prism
waveguide 34 (FIG. 15), (FIG. 16), 43 (FIG. 13), (FIG. 14),
46 (F1G. 17), (FIG. 18) will increase the present inventions
modal discrimination by extending its optical-cavity length
using the polyhedral prism waveguide as the means.
Moreover, the previously mentioned polyhedral prism
waveguide, because it lengthens a FCSEL’s optical-cavity,
works by increasing the diffraction loss for high-order
fransverse optical-modes therein, increasing gain for the
FCSEL’s fundamental and lower-order transverse optical-
modes.

There are relative possibilities with regard to the present
invention’s choice of light emitting active-regions, one of
which 1s the FCSEL’s novel approach to a double-
heterostructure semiconductor LED design 36 (FIG. 9) that
1s based upon a structural enhancement of 1ts cladding-layer
design, which effectively increasing the amount of recom-
bined “electron/hole” radiation, or what 1s generally called
“radiative recombination” that occurs within the FCSEL’s
active-region 36B (FIG. 9).

Furthermore, the present FCSEL invention, as 1llustrated
in FIG. 9, effectively displays a sectional view of the
FCSEL’s many different layers of semiconductor and optical
materials that are used in the FCSEL’s construction.
Moreover, the previously mentioned layers that are used to
construct a FCSEL’s double-heterostructure LED active-
region, a FCSEL’s polyhedral prism waveguide, and a
FCSEL’s quarterwave mirror stack assembly, are built-up,
layer upon layer, using various epitaxial and sputter material
deposition processes. For example, the layers of optical and
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semiconductor materials that make up a FCSEL device can
be constructed by using widely excepted methods of mate-
rial deposition like MBE, MOCVD, and/or Sputtering.
The present FCSEL 1nvention, according to various
embodiments, as 1illustrated in FIGS. 7, 8, and 9, 1s an
index-guided semiconductor surface-emitting laser that has
totally eliminated substrate positioned multilayered quarter-
wave mirror-stack base-reflector assemblies typical of prior-
art VCSEL design 24, 32 (FIG. 3), and replaced it with a
single layered polyhedral shaped waveguide structure 34
(FIG. 16), 43 (FIG. 14), 46 (FIG. 18). However, regardless
of any changes that might be made to a semiconductor
laser’s optical cavity, light amplifying processes via
stimulated-emission can only occur within any semiconduc-

tor laser 1f fundamental light-waves produced by the laser’s
diode 28 (FIG. 3), 36 (FIG. 9) are made to oscillate between

two light reflecting structures 24, 32 (FIG. 3), 34, 38 (FIG.
9) that are contra-positioned at both ends of an optical
cavity’s active-region 28 (FIG. 3), 36 (FIG. 9).

Moreover, the present FCSEL 1nvention, according to
various embodiments, as illustrated in FIGS. 7, 8, and 9,
amplifies light via stimulated-emission when light-waves
produced by its active-region 36 (FIG. 9) are made to
oscillate between the previously mentioned light reflecting
structures 34, 38 (FIG. 9). Consequently, as the previously
mentioned oscillations occur light-waves pass through the
previously mentioned optical cavity’s active-region 36 (FIG.
9) and the multiple quantum well structures that make-up the
active-region’s active-area 36B (FIG. 9). However, in the
present FCSEL invention the previously mentioned light-
wave oscillations do not occur between two different contra-
reflecting mirror structures located at opposite ends of an
optical cavity’s active-region 24, 32 as 1illustrated in FIGS.
1, 2, and 3, but occur only between a single light reflecting
structure 38 (FIG. 9), which is located at only one end of an
optical cavity’s active-region 36 (FIG. 9).

For example, the present FCSEL 1nvention, according to
various embodiments, by replacing a substrate 22 (FIG. 3)
positioned and total reflecting quarterwave mirror stack
assembly 24 (FIG. 3) with a single total internal reflecting
polyhedral prism waveguide 34 (FIG. 9), the optical cavity
of the FCSEL 1s folded backwards a “180” degrees upon
itself, where light-waves of fundamental light created by the
FCSEL’s active-region 36 (FIG. 9) are made to oscillate,
using a folded optical cavity, back and forth, through the
active-region’s active-areca 36B (FIG. 9), between a single
partial light reflecting structure 38 (FIG. 9). The oscillating
light-waves that occur within a FCSEL’s folded opftical
cavity, while propagating through the FCSEL’s polyhedral
shaped prism waveguide 34 (FIG. 9), will have angles of
incidence that are equal to or greater than the critical angle
of internal reflection for the polyhedral prism waveguide’s
prism facets 34A, 34B, 34C, which are located at the base
of every FCSEL polyhedral prism waveguide 34 (FIG. 16),
43 (FIG. 14), 46 (FIG. 18).

Moreover, oscillating light-waves 42A (FIG. 16) that
propagate 42B 1 a direction away from the FCSEL’s
active-region 36 (FIG. 9) into the FCSEL’s polyhedral prism
waveguide 34 (FIG. 9) are ultimately turned and redirected
by a prism facet 34A (FIG. 9) of the polyhedral prism
waveguide 34 (FIG. 9) into a transverse horizontal direction
42C (FIG. 16) until they are turned and redirected again by
a second prism facet 34B (FIG. 9), and a third prism facet
34C (FIG. 9) of the polyhedral prism waveguide 34, but into
a longitudinal vertical direction 42E (FIG. 16) toward the
FCSEL’s active-region 36 (FIG. 9); wherein, oscillating
light-waves 42F (FIG. 16) propagating toward the FCSEL’s
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single light reflecting structure 38 (FIG. 9) will stimulate
further emission of light as they pass through the active-
region’s active-area 36B (FIG. 9), until they reach the
FCSEL’s single light reflecting structure 38, where they 42F
will be made to start a new oscillation cycle. Creating an
optical cavity that 1s folded backward onto itself, which 1s
capable during light-wave oscillation of the amplification of
fundamental diode produced light via the process of
stimulated-emission.

Furthermore, a FCSEL’s polyhedral prism waveguide 34,
43, 46, as 1llustrated 1n FIGS. 13, 14, 15,16, 17, and 18, are
constructed as monolithic polyhedral shaped devices that are
conducive to the total internal reflection of intracavity
produced optical radiation using an optical material with an
absolute lattice mismatch to other semiconductor materials
used 1n the construction of the FCSEL’s remaining semi-
conductor layers. Therefore, within the FCSEL design, an
internal reflecting polyhedral prism waveguide 34, 43, 46
which redirect all optical radiation entering 1ts top plane-
parallel and flat horizontal front-face surface 34D, 43C, 46B
backwards toward the FCSEL’s partially reflecting quarter-
wave mirror stack assembly 38 (FIG. 9) is used.

Moreover, a FCSEL’s polyhedral prism waveguide 34,
43, 46, as 1llustrated in FIGS. 2 13, 14, 15, 16, 17, and 18,
while constructed from (S102) “Fused Silicon-Dioxide” or
some other suitable are frequency specific material will
allow the FCSEL’s polyhedral prism waveguide to inter-
nally redirect and transmat all optical radiation incidental to
its top plane-parallel and flat horizontal front-face surface.
Depending on the optical material used to construct a
FCSEL’s polyhedral prism waveguide 34, 43, 46 it will have
the capability of transmitting all optical radiation having
wavelengths that range from the ultraviolet (i.e., having a
wavelength of “105” nanometers) to the far infrared (i.e.,
having a wavelength of “10,000” nanometers).

Although the FCSEL invention has been described in
detaill with references to specific embodiments, various
modifications can be made without departing from the scope
of the invention. For example, 1n order to increase the
energy, while decreasing the wavelength per photon of
emitted light, the active-regions 28 (FIG. 3), 36 (FIG. 9)
could contain “Phosphorus” 1in an amount that will form a
lattice-matched, quaternary, (InGaAsP) “Indium-Gallium-
Arsenic-Phosphide” material, while another option could be
that a FCSEL’s quarterwave mirror stack assembly 38 (FIG.
7) could be comprised of alternating layers of binary (AlAs)
“Aluminum-Arsenide”, and ternary (InGaP) “Indium-
Galllum-Phosphide” materials, where the choice between
one semiconductor or optical material over another for
constructing the quarterwave mirror stack assembly 38
(FIG. 8) of a FCSEL is frequency determined, rather than
structurally determined.

Furthermore, the various semiconductor and optical
materials, along with their distribution sizes are frequency
specific and interchangeable within this design; indicating
that the FCSEL design has novelty that 1s independent of any
one kind of material or any one kind of material size that
could or might be used 1n 1ts construction.

What 1s claimed 1s:

1. A surface-emitting laser, comprising;

a first confinement cladding layer;
a second confinement cladding layer;

an active gain arca between the first and second confine-
ment cladding layers;

a first reflector assembly adjacent the first confinement
cladding layer, wherein the first reflector assembly
includes a polyhedral prism waveguide having a non-
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reflecting surface facing the first confinement cladding,
layer and having at least one totally-reflecting surface
for transversely redirecting incident photonic emissions
to a different longitudinal location of the polyhedral
prism waveguide; and

a second reflector assembly, wherein the second coniine-
ment cladding layer 1s between the active gain area and
the second reflector assembly.

2. The laser of claim 1, wherein:

the first confinement layer 1s parallel to the non-reflecting
surface of the polyhedral prism waveguide; and

the second confinement layer i1s parallel to the non-
reflecting surface of the polyhedral prism waveguide.

3. The laser of claam 2, wherein the active gain arca
includes a multiple quantum well, wherein the multiple

quantum well comprises a plurality of quantum well layers,
and wherein the plurality of quantum well layers are parallel
to the non-reflecting surface of the polyhedral prism
waveguide.

4. The laser of claim 1, wherein the first confinement
cladding layer includes an upper surface and a lower surface,
wherein the upper surface 1s adjacent to the active gain area,
and wherein the first confinement cladding layer includes
Galllum-Aluminum-Arsenide, wherein the concentration of
Gallium 1increases from the lower surface to the upper
surface and the concentration of Aluminum decreases from
the lower surface to the upper surface.

5. The laser of claim 4, wherein the first confinement
cladding layer includes n-doped Gallium-Aluminum-
Arsenide.

6. The laser of claim 4, wherein the second confinement
cladding layer includes an upper surface and a lower surface,
wherein the lower surface 1s adjacent to the active gain area,
and wherein the second confinement cladding layer includes
Gallium-Aluminum-Arsenide, wherein the concentration of
Gallium 1increases from the upper surface to the lower
surface and the concentration of Aluminum decreases from
the upper surface to the lower surface.

7. The laser of claim 6, wherein:

the first confinement cladding layer includes n-doped
Gallilum-Aluminum-Arsenide; and

the second confinement cladding layer includes p-doped
Gallium-Aluminum-Arsenide.

8. The laser of claim 6, wherein the active gain area
includes a multiple quantum well.

9. The laser of claim 8, wherein the multiple quantum well
includes a plurality of quantum wells and a plurality of
barrier layers.

10. The laser of claim 9, wherein each of the quantum
wells include Gallium Arsenide.

11. The laser of claim 10, wherein each of the barrier
layers of the multiple quantum well mcludes Gallium-
Aluminum-Arsenide.

12. The laser of claim 11, wherein the multiple quantum
well mcludes seven quantum wells and six barrier layers.

13. The laser of claim 6, further comprising:

a first contact layer, wherein the first confinement clad-
ding layer 1s between the first contact layer and the
active gain area; and

a second contact layer, wherein the second confinement
cladding layer i1s between the active gain area and the
second contact layer.

14. The laser of claim 1, wherein the polyhedral prism
wavegulde 1ncludes a corner cube polyhedral prism
waveguide.

15. The laser of claim 1, wherein the first reflector
assembly 1ncludes fused silicon dioxide.
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16. The laser of claim 1, wherein:

the first reflector assembly includes a corner cube poly-

hedral prism waveguide; and

the second reflector assembly includes a quarter wave

mirror stack.

17. The laser of claim 1, wherein the polyhedral prism
waveguide 1ncludes a right-angle prism shaped polyhedral
prism waveguide.

18. The laser of claim 1, wherein the polyhedral prism
waveguide includes a conical prism shaped polyhedral prism
waveguide.

19. The laser of claim 1, wherein the second reflector
assembly 1ncludes a mirror stack.

20. The laser of claim 19, wherein the mairror stack
includes a quarter wave mirror stack.

21. A device, comprising an array of semiconductor
lasers, wherein each semiconductor laser includes:

a first confinement cladding layer;

a second confinement cladding layer;

an active gain arca between the first and second confine-
ment cladding layers;

a first reflector assembly adjacent the first confinement
cladding layer, wherein the first reflector assembly
includes a polyhedral prism waveguide having a non-
reflecting surface facing the first confinement cladding

layer and having at least one totally-reflecting surface

for transversely redirecting 1ncident photonic emissions
to a different longitudinal location of the polyhedral
prism waveguide; and

a second reflector assembly, wherein the second confine-

ment cladding layer 1s between the active gain area and
the second reflector assembly.

22. The device of claim 21, wherein the first confinement
cladding layer includes an upper surface and a lower surface,
wherein the upper surface 1s adjacent to the active gain area,
and wherein the first confinement cladding layer includes
n-doped Gallium-Aluminum-Arsenide, wherein the concen-
tration of Gallium increases from the lower surface to the
upper surface and the concentration of Aluminum decreases
from the lower surface to the upper surface.

23. The device of claim 22, wherein the second confine-
ment cladding layer includes an upper surface and a lower
surface, wherein the lower surface 1s adjacent to the active
gain arca, and wherein the second confinement cladding
layer includes p-doped Gallium-Aluminum-Arsenide,
wheremn the concentration of Gallium increases from the
upper surface to the lower surface and the concentration of
Aluminum decreases from the upper surface to the lower
surface.

24. The device of claim 23, wherein the active gain area
includes a multiple quantum well.

25. The device of claim 24, further comprising:

a first contact layer, wherein the first confinement clad-
ding layer 1s between the first contact layer and the
active gain area; and

a second contact layer, wherein the second confinement
cladding layer 1s between the active gain area and the
second contact layer.

26. The device of claim 21, wherein the polyhedral prism
wavegulde 1ncludes a corner cube polyhedral prism
waveguide.

27. The device of claim 21, wherein the second reflector
assembly 1ncludes a quarter wave mirror stack.

28. The device of claim 21, wherein the semiconductor
lasers of the array are simultaneously addressable.

29. The device of claim 21, wherein the semiconductor
lasers of the array are individually addressable. dividually
addressable.
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30. The device of claim 21, wherein the polyhedral prism
waveguide 1ncludes a right-angle prism shaped polyhedral
prism waveguide.

31. The device of claim 21, wherein the polyhedral prism
waveguide 1includes a conical prism shaped polyhedral prism

waveguide.
32. The device of claim 21, wherein:

the first confinement layer 1s parallel to the non-reflecting
surface of the polyhedral prism waveguide; and

the second confinement layer i1s parallel to the non-
reflecting surface of the polyhedral prism waveguide.
33. The device of claim 32, wherein the active gain area
includes a multiple quantum well, wherein the multiple
quantum well comprises a plurality of quantum well layers,
and wherein the plurality of quantum well layers are parallel
to the non-reflecting surface of the polyhedral prism
waveguide.
34. The device of claim 21, wherein the second reflector
assembly 1ncludes a quarter wave mirror stack.
35. A method of fabricating a surface emitting laser,
comprising:

forming a first confinement cladding layer on a first
surface of a substrate;

forming an active gain arca on the first confinement
cladding layer;

forming a second confinement cladding layer on the
active area;

forming a first reflector assembly adjacent the first con-
finement cladding layer, wherein the first reflector
assembly 1ncludes a polyhedral prism waveguide hav-
ing a non-reflecting surface facing the first confinement
cladding layer and having at least one totally-reflecting,
surface for transversly redirecting incident photonic
emissions to a different longitudinal location of the
polyhedral prism waveguide; and

forming a second reflector assembly, wherein the second
confinement cladding layer 1s between the active gain
arca and the second reflector assembly.

36. The method of claim 35, wherein forming the first
confinement cladding layer includes forming a first confine-
ment cladding layer that includes an upper surface and a
lower surface, wherein the upper surface 1s adjacent to the
active gain area, and wherein the first confinement cladding,
layer includes n-doped Gallium-Aluminum-Arsenide,
wherein the concentration of Gallium increases from the
lower surface to the upper surface and the concentration of
Aluminum decreases from the lower surface to the upper
surface.

37. The method of claim 36, wherein forming the first
confinement cladding layer includes depositing the {first
confinement cladding layer on the first surface of the sub-
strate using molecular beam epitaxy.

38. The method of claim 36, wherein forming the first
confinement cladding layer includes depositing the first
confinement cladding layer on the first surface of the sub-
strate using metallic oxide chemical vapor deposition.

39. The method of claim 36, wherein forming the second
confinement cladding layer includes forming a second con-
finement cladding layer that includes an upper surface and a
lower surface, wherein the lower surface 1s adjacent to the
active gain arca, and wherein the second confinement clad-
ding layer mncludes p-doped Gallium-Aluminum-Arsenide,
wherein the concentration of Gallium increases from the
upper surface to the lower surface and the concentration of
Aluminum decreases from the upper surface to the lower
surface.
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40. The method of claim 39, wherein one of forming the
first and second confinement cladding layers includes depos-
iting one of the first and second confinement cladding layers
using molecular beam epitaxy.

41. The method of claim 39, wherein one of forming the
first and second confinement cladding layers includes depos-
iting one of the first and second confinement cladding layers
using metallic oxide chemical vapor deposition.

42. The method of claim 35, wherein forming the active
gain arca includes forming a multiple quantum well.

43. The method of claim 39, wherein forming the active
gain arca includes forming a multiple quantum well.

44. The method of claam 35, wherein forming the first
reflector assembly 1ncludes forming a corner cube polyhe-
dral prism waveguide.

45. The method of claam 39, wherein forming the first
reflector assembly includes forming a corner cube polyhe-
dral prism waveguide.

46. The method of claim 35, further comprising forming
a contact layer on the second confinement cladding layer.

47. The method of claim 35, wherein forming the second
reflector assembly includes forming a quarter wave mirror
stack.

48. The method of claim 35, wherein forming the first
reflector assembly includes forming a right-angle prism
shaped polyhedral prism waveguide.

49. The method of claam 35, wheremn forming the first
reflector assembly includes forming a conical prism shaped
polyhedral prism waveguide.

50. The method of claim 35, wherein forming the second
reflector assembly includes forming a quarter wave mirror
stack.

51. A surface-emitting laser, comprising;:

a double-heterojunction semiconductor diode active
region;
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a first reflector assembly adjacent the double-
heterojunction semiconductor diode active region,
wherein the first reflector assembly includes a polyhe-
dral prism waveguide having a non-reflecting surface
facing the first confinement cladding layer and having
at least one totally-reflecting surface for transversely
redirecting incident photonic emissions to a different
longitudinal location of the polyhedral prism
waveguide; and

a second reflector assembly, wherein the double-
heterojunction semiconductor diode active region 1s
between the first reflector assembly and the second
reflector assembly.

52. The laser of claim 51, wherein the polyhedral prism
wavegulde 1ncludes a corner cube polyhedral prism
waveguide.

S53. The laser of claim 51, wherein:

the first reflector assembly includes a corner cube poly-
hedral prism waveguide; and

the second reflector assembly includes a quarter wave

mirror stack.

54. The laser of claim 51, wherein the polyhedral prism
waveguide includes a right-angle prism shaped polyhedral
prism waveguide.

55. The laser of claim 51, wherein the polyhedral prism
waveguide includes a conical prism shaped polyhedral prism
waveguide.

56. The laser of claim 51, wherein the second reflector
assembly 1ncludes a mirror stack.

57. The laser of claim 56, wherein the mirror stack
includes a quarter wave mirror stack.
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